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Preface 


Obesity levels worldwide have almost doubled since 1980. Currently, it is 
estimated that 1.46 billion adults are overweight (body mass index greater 
than 25 kg/m 2 ) and 502 million are clinically obese (BMI>30 kg/m 2 ) [1], 
These estimates include children where the percentage of children who are 
overweight or obese has more than doubled since 1974 [2], If these trends 
continue then it is estimated that by 2020 three of four Americans and seven 
of ten people in the UK will be overweight or obese [3], Obesity is a problem 
in both high-income countries as well as in many low income countries. 
Obesity has serious adverse consequences as it is an established risk factor 
for diseases such as type-2 diabetes, cardiovascular diseases, acid reflux, 
sleep apnea, kidney failure and many cancers [3], In America one out of 
every eight deaths is caused by an illness directly related to being overweight 
or obese [4], In the USA alone where current estimates show that two out of 
three people are overweight or obese [5], total healthcare costs attributable to 
obesity and overweight are projected to account for 16-18% of total US 
health-care expenditure by 2030 [3]. 

The increase in obesity is viewed to be primarily driven by changes in the 
global food system that makes it easy for individuals to consume energy rich 
foods and beverages [2], However, emerging evidence over the last 10 years 
from neurobiological and clinical studies is pointing to a hitherto unknown 
variable—inadequate sleep, as a powerful driver of energy balance. It may 
appear odd to consider a good night’s sleep as a weight control method, but 
the evidence is very strong that energy metabolism, sleep and the cellular 
processes that control them are inextricably intertwined. Disrupt any one of 
these and a vicious cycle may be triggered that ultimately leads to positive 
energy balance, and possible weight gain. 

We have invited experts in the field to review and discuss the implication 
of this new evidence. The collection of reviews in this book makes the argu¬ 
ment that poor or inadequate sleep is a trigger for increased energy metabo¬ 
lism. This is supported by well controlled, experimentally rigorous clinical 
studies in otherwise healthy normal weight subjects that have found changes 
in glucose regulation and appetite after just a few days of partial sleep restric¬ 
tion (reviewed in Chap. 10). In children and adolescents poor or inadequate 
sleep increases the risk for obesity (reviewed in Chap. 7). Epidemiological 
data also link insufficient sleep to hypertension and to direct measures of 
clinical cardiovascular disease and cardiovascular mortality (Chap. 12). 



Disruption of the normal cycle of sleep, such as in night-shift work, contributes 
to weight gain and obesity (reviewed in Chap. 8). 

The clinical evidence is supported by data from neurobiological studies 
that some of the brain neurons regulating feeding and energy metabolism also 
regulate sleep and waking (Chap. 3). In turn, these neurons interact with the 
biological clock that controls the timing of sleep and feeding (Chaps. 1 and 
2). These interacting physiological mechanisms provide a biological basis for 
the observations that disruption of feeding or sleep schedules adversely 
impacts weight gain. Overweight and obese individuals are likely to have 
obstructive sleep apnea, which might be undiagnosed (Chap. 9) and clinical 
guidelines for evaluating and treating obstructive sleep apnea are provided in 
Chap. 13. In obstructive sleep apnea fat accumulation in the upper airway 
obstructs normal breathing during sleep, resulting in frequent arousals. 
Repeated arousals are likely to increase energy metabolism and may alter 
eating behaviors, thereby perpetuating a dangerous cycle. Obesity risk is also 
high in other sleep disorders such as insomnia and restless legs syndrome 
(Chap. 11). Once a person gains weight it may be difficult to lose it not only 
because consuming palatable food activates reward pathways in the brain 
(Chap. 4), but also because of the intriguing possibility that our brains are 
wired to overeat (Chap. 5). Furthermore, eating a high-fat diet can produce 
structural changes in neurons related to energy metabolism which can then 
also make it difficult to lose weight (Chaps. 2 and 5). 

Given the close relationship between obesity and sleep, the genetic basis 
for obesity is reviewed (Chap. 6). In the section on treatment strategies Kabra 
et al. (Chap. 14) review pharmacological approaches to manage weight and 
Pema et al. (Chap. 15) detail current surgical choices for treating obesity. 

Considering that lack of sleep has an insidious effect on weight control 
and health, we emphasize that it is important to include adequate sleep along 
with well-balanced nutritious foods and plenty of exercise as part of a healthy 
life style. And, yes, turn off the smart phone before going to sleep. 

Finally, we would like to thank Richard Lansing at Springer for recogniz¬ 
ing the need for this book, Joni Fraser for her enormous help and assistance 
with the publication process, and Reka Sasi for coordinating the printing 
process. 

Charleston, SC, USA Priyattam J. Shiromani 

New Haven, CT, USA Tamas Horvath 

Boston, MA, USA Susan Redline 

Chicago, IL, USA Eve Van Cauter 
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Abstract 

Sleep and waking are controlled by opposing interactions between circadian 
and homeostatic processes. A circadian process generated by the suprachi- 
asmatic nucleus determines when sleep should occur, while a homeostatic 
process keeps track of time spent awake and asleep and signals sleep need 
or sleep propensity. Recent evidence indicates that these two processes 
employ many of the same set of genes. Herein, we review the basic con¬ 
cepts of the circadian and homeostatic regulation of sleep, and then outline 
the molecular components of circadian clock. We then discuss the evidence 
demonstrating a role of clock genes in sleep homeostasis in flies, mice, 
and humans. We conclude by suggesting that clock genes might be crucial 
for integrating homeostatic need, not only that of sleep but also of food 
intake and energy metabolism. 


The study of circadian rhythms and of sleep 
regulation have long been, and to some extent 
still are, considered as two separate fields of 
research. Whereas circadian researchers prefer to 
view sleep as one of several outputs of the circa¬ 
dian clock, sleep researchers have long believed 
that the circadian clock exerts a modulatory role 
on sleep but does not impinge on core sleep features 
such as the homeostatic control of sleep. The lat¬ 
ter notion is based mainly on the observation that 
destruction of the suprachiasmatic nuclei (SCN), 
which harbor the central circadian pacemaker, 
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results in loss of all circadian organization of 
overt behaviors while leaving the homeostatic 
sleep response to enforced wakefulness intact. 
Meanwhile, it has become clear that sleep and 
waking are controlled by the constant and fine- 
tuned opposing interaction between circadian 
and homeostatic processes. This integration of 
the two processes seems to have a molecular cor¬ 
relate because the genes thought to be exclusively 
involved in setting up the negative feedback 
loops driving circadian rhythms, referred to as 
clock genes, are also involved in the homeostatic 
regulation of sleep. This dual role of clock genes 
is the emphasis of this chapter. 

The outline of this chapter is as follows: after 
introducing the basic concepts of the circadian 
and homeostatic regulation of sleep, we only briefly 
review the molecular components of self-sustained 
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cellular circadian clocks as this has been the topic 
of many excellent earlier reviews. We then dis¬ 
cuss the evidence demonstrating a role of clock 
genes in sleep homeostasis in flies, mice, and 
humans. We conclude hy suggesting that clock 
genes might be crucial for integrating homeo¬ 
static need, not only that of sleep but also of food 
intake and energy metabolism. 


Sleep Homeostasis and Circadian 
Rhythms: Concepts and Definitions 

Although sleep is a behavior, sleep research in 
mammals, including humans, relies heavily on 
the recording of electrophysiological potentials 
measured from the scalp (in humans) or the sur¬ 
face of the cerebral cortex (in animals), both 
referred to as the electro-encephalogram (EEG). 
In combination with muscle tone (electro-myogram 
or EMG) and eye movements (electro-oculogram 
or EOG), three major behavioral states can reli¬ 
ably be assessed: wakefulness, rapid eye move¬ 
ment (REM) sleep, and non-REM (NREM) 
sleep. Analysis of these three states gives infor¬ 
mation on the amount, distribution, and quality of 
sleep indexed as sleep efficiency or sleep consoli¬ 
dation. Besides its utility to discriminate among 
behavioral states, the EEG signal contains a 
wealth of information concerning the processes 
governing neuronal activity in the structures 
implicated in generating the EEG. The electro- 
physiological correlates of sleep have been thor¬ 
oughly examined and studies in both mice and 
humans demonstrated that amplitude and fre¬ 
quency of the oscillations comprising the EEG 
are strongly determined by genetic factors [1]. 
One widely used EEG component is slow wave 
activity or EEG delta power which quantifies the 
prevalence and amplitude of the delta oscillations 
(1—4 Hz) characteristic of deep NREM sleep. 
EEG delta power is considered a reliable physi¬ 
ological marker of homeostatic sleep need 
because its level during NREM sleep changes in 
function of the sleep-wake history such that it 
monotonically increases as time spent awake 
progresses and decreases with increasing time 
spent in NREM sleep [2, 3], Although other 


aspects of mammalian sleep, such as the duration 
of NREM sleep and REM sleep, are homeostati- 
cally regulated as well, their dynamics are less 
predictable and depend on various other factors 
including circadian factors. Leading hypotheses 
on sleep function have their foundation in the 
cellular mechanisms underlying the sleep- 
wake-driven waxing and waning of EEG delta 
power [4, 5]. Also, the dynamics of this homeo¬ 
static process are genetically determined [6-9] 
demonstrating that the regulation of homeostatic 
sleep need has a molecular substrate [10-12], 

Circadian rhythms are biological rhythms 
with a period of about 24 h (with ’’circa” refer¬ 
ring to ’’about” and ’’dies” to ’’day”) and have 
been observed in most life forms studied from 
bacteria, fungi, plants, to animals. In animals, 
locomotor activity has long been the main state 
variable to study circadian rhythmicity while in 
humans, physiological measures such as core 
body temperature and plasma melatonin levels 
serve to index the state of the clock characterized 
by the phase of peak or trough levels, amplitude, 
and period of the rhythm. Circadian rhythms are 
generated endogenously and, because the period 
deviates from 24 h, can only remain synchronized 
to the environmental light-dark cycle through 
daily phase resetting of the rhythm. Circadian 
rhythms are thought to have evolved as an adap¬ 
tion to the changes in environment accompany¬ 
ing the earth’s rotation around its axis. An 
endogenous circadian clock allows the organism 
to anticipate these changes and organize, in time, 
biochemical and physiological processes thereby 
increasing efficient use of resources. Most physi¬ 
ological processes and behaviors like body tem¬ 
perature control, melatonin secretion, feeding, 
and the sleep-wake distribution are under circa¬ 
dian control. 

A master clock has been identified in the brain 
of mammals and it is located in the SCN [13] 
resting on top of the optic chiasm. Lesioning and 
transplant studies in animals conclusively dem¬ 
onstrated that the SCN is both necessary and 
sufficient to endow the animal with a circadian 
organization of overt behavior and physiology 
[14], Light information gathered in retinal ganglion 
cells reaches the SCN through a monosynaptic 
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pathway, the retinal-hypothalamic tract (RHT). 
Through this pathway light information can alter 
the phase of circadian rhythm generated in the 
SCN thus maintaining correct phase alignment 
between the external light-dark cycle and internal 
time. Also in the brain of insects such as the fruit 
fly, Drosophila melanogaster, dedicated neurons 
have been identified needed for circadian organi¬ 
zation of overt behaviors and physiology and for 
entrainment to light-dark cycles [15]. 


Opponent Processes Regulate Sleep 

By far the most influential conceptual model of 
the regulation of sleep is Alexander Borbely’s 
’’two-process model” [2, 3]. This model stipu¬ 
lates that the interaction between two indepen¬ 
dent processes governs sleep-wake regulation: 
a circadian process generated by the SCN that 
sets the time of day at which sleep should prefer¬ 
ably occur, and a homeostatic process that keeps 
track of time spent awake and asleep and which 
signals sleep need or sleep propensity. The 
dynamics of the latter process is directly derived 
from the sleep-wake-dependent changes in EEG 
delta power measured during NREM sleep. In the 
two-process model, the homeostatic sleep need 
increases during wakefulness until an upper 
threshold is reached (in humans after ca. 16 h of 
wakefulness) after which sleep is initiated. 
During sleep, homeostatic sleep need decreases 
until a lower threshold is reached (after ca. 8 h) at 
which time sleep ends. By modulating this lower 
(and upper) thresholds in a circadian manner, the 
model can reliably predict the nonmonotonic 
relationship between the time of sleep onset and 
subsequent sleep duration [3, 16]. 

The general concepts of the model are now 
supported by a wealth of observations, although 
it also has become evident that the interaction 
between the two processes extends well beyond 
the two time points of the start and end of the 
sleep period. In a so-called forced desynchrony 
protocol in which subjects were forced to adhere 
to an 28 hday which forces the sleep-wake cycle 
to desynchronize from the endogenous circadian 
rhythm, it was demonstrated that the circadian 


system generates a sleep-wake propensity rhythm 
that is timed to oppose homeostatic changes in 
sleep need [17]. This enables us to stay awake 
and alert throughout the day despite an accumu¬ 
lating need for sleep, and to remain asleep 
throughout the night despite a decreasing sleep 
need [18, 19]. These observations suggest that at 
any given time of the day, sleep propensity 
depends on the momentary balance between the 
two processes. When this balance is disturbed, 
for instance by misalignment between the two 
such as experienced during jet lag and shift work, 
then there is an immediate decrement in sleep 
quality and daytime functioning [17, 20, 21], 

In the mouse and in humans, changes in EEG 
delta power are so predictable that its time course 
can be mathematically calculated in detail solely 
based on the sleep-wake distribution both under 
baseline conditions and under conditions of sleep 
deprivation [7, 22, 23] The close approximation 
of predicted and actual measures of EEG delta 
power supports the view that most of its variance 
reflects a sleep-wake-driven homeostatic process. 
Studies in animals rendered arrhythmic by lesion- 
ing the SCN or through a shift of the light-dark 
cycle show that the sleep deprivation-induced 
increase in EEG delta power is not affected and 
thus does not depend on a functional circadian 
system [24, 25]. Moreover, the above-mentioned 
forced desynchrony protocol revealed that the cir¬ 
cadian contribution to the time course of EEG 
delta power during sleep is small [18]. These 
observations contributed to the notion that sleep 
homeostasis and circadian rhythm generation are 
separate processes and that EEG delta power is a 
robust marker of homeostatic sleep need. 

Nevertheless, several examples indicate that 
the separation between the two processes is not 
so clear and that cross-talk exists. For instance, 
sleep deprivation has been demonstrated to phase 
shift the circadian clock in hamsters under con¬ 
stant dark conditions [26], Moreover, firing rates 
of SCN neurons were found to be lower during 
NREM sleep and negatively correlated with the 
levels of EEG delta power attained during this 
state during baseline and sleep deprivation con¬ 
ditions [27, 28]. Also, in humans, the amplitude 
of the observed circadian variation in several 
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physiological and behavioral variables depends 
on sleep homeostatic processes [19]. Finally, cir¬ 
cadian clock genes, besides their established role 
in generating circadian rhythms, seem also to 
play a role in sleep homeostasis, suggesting that 
the molecular circuitry used to set internal time- 
of-day, could be also utilized to track and antici¬ 
pate sleep need (see “Circadian Rhythms as an 
Emerging Property of Transcriptional Feedback 
Loops” section). 


Circadian Rhythms as an Emerging 
Property of Transcriptional 
Feedback Loops 

The molecular correlates underlying the sleep 
homeostat are unknown. On the other hand, the 
specific genes and how they interact to generate 
circadian rhythms in mammals have been worked 
out in detail over the last 20 years [29]. In the 
fruit fly, mutagenesis screen yielded the earliest 
evidence for a molecular substrate of circadian 
rhythm generation [30]. A similar approach in 
the mouse led in 1994 to the identification and 
later to the cloning of the gene Circadian 
Locomotor Output Cycles Kaput (CLOCK) as a 
pivotal or ’’core” circadian clock gene [31, 32], 
At the molecular level, circadian rhythms have 
been explained by an oscillatory network of sev¬ 
eral transcriptional regulators engaged in tran¬ 
scriptional feedback loops [33], The core of this 
self-sustained oscillation consists of positive and 
negative elements. In mammals, the core positive 
elements are three basic helix-loop-helix (bHLFI) 
Per-Amt-Sim (PAS)-domain-containing tran¬ 
scription factors: CLOCK, NPAS2 (neuronal 
PAS-domain protein 2), and BMAL1 (brain and 
muscle Arnt-Like 1). BMAL1 can partner with 
either CLOCK or NPAS2 to form transcription¬ 
ally active heterodimers. Both dimers can drive 
the transcription of Period (Perl, Per2, Per3 ) 
and Cryptochrome ( Cryl , Cry2) genes. After 
translation and reentry into the cell nucleus, PER 
and CRY protein complexes can suppress 
CLOCK:BMALl and NPAS2:BMALl-mediated 
transcription thereby forming the negative ele¬ 
ments in the feedback loop. After this inhibition 


is removed through post-translational protein 
modifications including phosphorylation, acety¬ 
lation, or protein degradation, a new cycle can be 
initiated (Fig. 1.1). This network is far more com¬ 
plex and additional feedback loops between these 
core clock genes, interactions at the level of tran¬ 
scription and translocation back into the nucleus 
with numerous modulators and post-transcrip¬ 
tional and -translational modifications, add fur¬ 
ther complexity and stability to this oscillatory 
network [34-36]. The importance of these clock 
genes in circadian rhythm generation has been 
demonstrated by constructing mice carrying tar¬ 
geted disruptions for one or a combination of 
these genes. Thus, Bmall knock-out mice and 
Clock-Npas2, Cryl-Cry2, and Perl-Per2 double 
knock-out mice, lack circadian organization of 
overt behavioral rhythms when placed under 
constant dark conditions [29]. 

Clock genes are not expressed only in the 
SCN, they are expressed in most tissues periph¬ 
eral to the SCN (including the brain) and capable 
of generating cell-autonomous and self-sustained 
oscillations in gene expression. This allows for 
the study of circadian rhythms in tissue explants, 
cell cultures, and in blood and buccal samples 
and changes of mRNA levels of clock genes have 
become as widely used as markers of circadian 
state as locomotor activity [29, 37-41], Because 
cells throughout the body can generate circadian 
rhythms, the view of the role of the SCN has 
changed; instead of being the only central clock 
driving oscillations in the periphery, the SCN is 
now seen as an orchestrator keeping phase 
throughout the body so that the various organs 
are appropriately synchronized to the external 
light-dark cycle [40, 42], 

Although incredible advances have been made 
in unraveling the molecular circadian clock, still 
much is to be learned. Besides transcription, post¬ 
translation changes such as protein phosphoryla¬ 
tion and degradation are critical in obtaining 
periods in the range of 24 h. Circadian rhythms in 
protein level of some clock genes have been 
observed in the absence of rhythms in their tran¬ 
script [43, 44] and in vitro results demonstrate 
that the phosphorylation state of the cyanobacteria 
clock gene KaiC is sufficient to drive circadian 




1 Circadian Clock Genes and the Regulation of Sleep 



Fig. 1.1 Schematic summary of the molecular mechanisms 
by which sleep deprivation could alter clock genes and 
especially Per2 expression in the forebrain. A negative 
feedback loop underlies circadian rhythm generation. 
The positive arm of this feedback loop consists of NPAS2 
(or CLOCK): :BMAL1 dimers that activate the transcrip¬ 
tion of Per and Cry (only Per2 shown) through their 
E-box enhancers. PER and CRY proteins then increase 
(green arrow) and, upon nuclear entry, associate with the 
NPAS2::BMAL1 complex to inhibit their own transcrip¬ 
tional activation thus providing negative feedback (red 
arrow). PER and CRY proteins then decrease resulting in 
a removal of this inhibition allowing the cycle to restart. 
As a result NPAS2::BMAL1 target genes, such as Per2, 
Dbp, and E4bp4, cycle with a near 24 h period in many 
tissues and have been widely utilized as a state variable 
of the circadian clock. Besides this circadian organiza¬ 
tion, Per2 expression is regulated by many other factors 


rhythms [45]. Recent results in red blood cells 
(that do not have a cell nucleus) show that non- 
transcriptional events are sufficient to sustain cel¬ 
lular circadian rhythms [46, 47]. 


Clock Genes and Sleep Homeostasis 

Sleep regulation was examined in mice lacking 
both Cryl and Cry2 circadian genes (Cryl ,2~'~ 
double knock-out mice) to further demonstrate 


through which sleep deprivation might act: for example, 
the cAMP-response element (CRE), glucocorticoid 
response element (GRE), and D-box enhancers through 
which phosphorylated CRE binding protein (pCREB), 
ligand-bound glucocorticoid receptors (GR), and DBP 
can induce Per2 expression, respectively, while E4BP4, 
also acting on the D-box can repress Per2 expression. 
Sleep deprivation, besides extending waking, also acti¬ 
vates the HPA (hypothalamic-pituitary-adrenal) axis 
and metabolism, evidenced by its induction of corticos¬ 
terone (CORT), increases CREB phosphorylation, and 
increases in Npas2 and E4bp4 expression (green dashed 
arrows), and decreases Dbp expression (red dashed 
arrow). In addition, SD-induced changes in metabolic 
state as evidenced by changes in NAD + can directly 
affect NPAS2-mediated transcriptional activation and 
the SIRT1-mediated deacetylation (Ac) of PER2 (see 
also Chap. 2) 


the independence of circadian and sleep homeo¬ 
static processes [48]. Cryl,2~'~ mice lack a func¬ 
tioning circadian clock and are behaviorally 
arrhythmic when kept under constant dark condi¬ 
tions [49, 50], Cryl,2~'~ mice did, however, not 
have a sleep phenotype which could be expected 
of an arrhythmic animal such as a noncircadian 
distribution of sleep and wakefulness with fewer 
consolidated bouts. Instead, these mice spent 
more time in NREM sleep, and NREM sleep was 
more consolidated (i.e., longer, uninterrupted 
NREM sleep episodes) and EEG delta power was 
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higher. With the increased sleep time and increased 
sleep consolidation, overall sleep pressure (and 
EEG delta power) should be also low as a conse¬ 
quence. EEG delta power was, however, constitu- 
tively elevated in Cryl,2r'~ mice. Quantification 
of the sleep-wake-dependent dynamics of EEG 
delta power revealed that lack of Cry 1,2 genes 
resulted in a more rapid buildup of homeostatic 
sleep need during wakefulness which might have 
contributed to the higher levels in EEG delta 
power compared to wild-type mice. Thus, sleep 
in Cryl ,2~'~ mice has all the characteristics of 
sleep in sleep-deprived wild-type mice suggest¬ 
ing that a fundamental aspect of sleep homeosta¬ 
sis was altered. This homeostatic phenotype was 
not observed in Cryl and Cry2~'~ single knock¬ 
out mice [51], confirming functional redundancy 
between the two CRY1 and CRY2 proteins as has 
been observed for circadian rhythm generation 
[49, 50], 

In other mouse lines carrying targeted disrup¬ 
tions for one or two related circadian genes, aber¬ 
rant sleep homeostatic phenotypes were also 
observed. Mice homozygous for a Bmall dele¬ 
tion showed increases in total sleep time, sleep 
fragmentation, and EEG delta power under base¬ 
line conditions, and an attenuated compensatory 
response to sleep deprivation [52], In Clock 
mutant mice, decreases in NREM sleep time and 
consolidation were reported under baseline con¬ 
ditions together with a reduced compensatory 
rebound in REM sleep after sleep deprivation [53]. 
Similarly, mice lacking the clock-controlled 
gene Dbp (albumin D-binding protein) also 
showed altered homeostatic regulation of REM 
sleep [54], Knock-out mice for Npas2 were found 
to sleep less in the latter half of the baseline dark 
period, a time-of-day when sleep need is high 
and wild-type mice showed a consolidated period 
of sleep (i.e., nap), conceivably to discharge 
accumulated sleep pressure [55]. After further 
raising sleep pressure experimentally by means 
of an 8-h sleep deprivation, Npas2~ knock-out 
mice were, like in baseline, incapable of initiat¬ 
ing the appropriate compensatory behavior (i.e., 
sleep) during the circadian phase when mice are 
usually awake (i.e., the dark period) [55], Besides 
the blunted homeostatic response in NREM sleep 


time after sleep deprivation, Npas2~ mice could 
not adjust to a novel feeding schedule in which 
food availability was restricted to the ’’wrong” 
time-of-day (i.e., the light phase) and, as a conse¬ 
quence, would have starved if not taking care of 
[56]. This underscores the importance of NPAS2 
in sensing ’’homeostatic drive,” both for sleep and 
food. In the same way, Clock mutant mice, 
besides having severely disrupted circadian 
rhythms, are hyperphagic and obese and develop 
a metabolic syndrome indicative of an impaired 
energy balance [57], In Perl,2~'~ double knock¬ 
out mice (Perl-'~, p er 2 Brdm/Brdm ), EEG delta power 
seemed enhanced to a greater extent after sleep 
deprivation compared to wild-type mice [58], 
suggesting that also Perl and Per2 genes are 
functionally implicated in sleep homeostasis. 
Evidence for circadian genes being implicated in 
the homeostatic regulation of sleep also exist in 
the fruit fly, D. melanogaster [59-62], This was 
most dramatically illustrated in flies lacking a 
functional Cycle gene, a Bmall homolog [60]. 
These flies have an exaggerated homeostatic 
response to sleep deprivation and die after sleep 
deprivations longer than 10 h. The effect of the 
mutation of Cycle gene on sleep homeostasis was 
found to be sexually dimorphic and also to 
shorten life-span [61]. More recently, evidence of 
a noncircadian involvement of circadian genes in 
sleep-wake regulation was obtained also in 
humans [8], pointing to a possible evolutionary 
conserved pathway. 

The lack of functional circadian genes in the 
different transgenic mouse models affects the 
expression level of the other elements of the circa¬ 
dian molecular feedback loop described above. For 
instance, the deletion of both Cryl and Cry2 genes 
disinhibits CLOCK:BMALl andNPAS2:BMALl- 
mediated transcriptional activation and, as a conse¬ 
quence, Perl and Per2 transcripts are increased in 
Cryl,2~’~ double knock-out mice both in liver and 
in brain [48, 63, 64], Similarly, Perl and Per2 
expression is decreased in Clock mutant mice 
[65 , 66]. The homeostatic sleep phenotype observed 
in these transgenic mice seems to correlate with 
Perl and Per2 gene expression; in Cryl,2~'~ double 
knock-out mice, both homeostatic sleep need and 
Perl and Per2 gene expression in the brain seem 
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upregulated [48], while the opposite is observed 
for Clock mutant mice [53]. 

If indeed sleep need covaries with Perl and 
Per2 expression, then sleep deprivation should 
increase Perl and Per2 gene expression in intact, 
wild-type mice. Cortical expression of both Perl 
and Per2 genes increased after enforced wakeful¬ 
ness [11, 12,48, 55, 67] and was found to mono- 
tonically increase in function of the duration of 
the time that mice were kept awake [68], In situ 
hybridization studies revealed that in the brain 
and especially in the cerebral cortex, the thalamic 
nuclei, and the cerebellum, Perl and Per2 expres¬ 
sion was increased after sleep deprivation [51,68]. 
Importantly, Perl and Per2 expression reverted 
to control levels within 2 h of recovery sleep 
confirming a close relationship with sleep need 
[48, 68]. Also in wild-type animals that are not 
sleep-deprived, levels of Perl and Per2 expres¬ 
sion are high at times when EEG delta power is 
high. Perl and Per2 expression seems, however, 
to consistently follow NREMs propensity only in 
the forebrain leaving expression in the SCN unaf¬ 
fected [56, 69-71]. In the cerebral cortex of both 
nocturnal (mice) and diurnal species (ground 
squirrels), Perl and Per2 gene expression is 
maximal in conjunction with the major waking 
episode, while in the SCN their expression peaks in 
the middle of the (subjective) fight period [70,72], 
Similarly, under conditions where the circadian 
phase (restricted feeding or methamphetamine 
administration) or the circadian distribution (’’cir¬ 
cadian splitting”) of locomotor activity is altered, 
Perl and Per2 expression in the cerebral cortex 
follows the altered behavioral rhythm of wakeful¬ 
ness, again leaving Perl and Per2 expression in 
the SCN unaffected [56, 69-71], Consistent with 
these observations, Per2 mRNA and protein lev¬ 
els in the SCN are not affected by sleep depriva¬ 
tion [118]. Taken together, these observations 
suggest that the mRNA level of the genes Perl 
and Per2 in the forebrain covary with homeostatic 
sleep need. 

Thus, in contrast to their role in the SCN, cir¬ 
cadian genes seem not to be a component of a 
self-sustained circadian oscillator in the fore¬ 
brain. Instead, their expression illustrated here by 
Perl and Per2 gene expression seems to follow 


the sleep-wake cycle. An implicit assumption is 
that the sleep-wake-dependent changes in corti¬ 
cal Perl and Per2 expression are mediated by 
CLOCK:BMAL 1 - and/or NPAS2:BMAL1- 
induced transcription. The altered homeostatic 
response in mice with targeted disruptions of 
clock genes supports this assumption. Moreover, 
the observation in Npas2~'~ knock-out mice that 
Per2 gene expression in the cerebral cortex 
no longer follows the circadian sleep-wake dis¬ 
tribution [73], together with the fact that Per2 
gene expression is reduced twofold after sleep 
deprivation compared to wild-type mice [55], 
underscores that at least part of the sleep-wake 
dependent changes in circadian gene expression 
underlie the same circuitry governing circadian- 
dependent changes in gene expression. This sug¬ 
gests that NPAS2 and not CLOCK is critical in 
coupling overt behavior with Per2 gene expres¬ 
sion in the forebrain. The neuroanatomical distri¬ 
bution of NPAS2 is particularly suitable to fulfill 
such a function since it is abundantly expressed 
in the brain with dense expression in thalami 
nuclei and the cerebral cortex and with no notice¬ 
able expression in the SCN [74]. Apart from a 
blunted homeostatic response in NREM sleep 
time and in Per2 gene expression after sleep 
deprivation, the EEG activity of thalamacortical 
origin (such as EEG spindles and delta activity) 
is altered in Npas2~'~ knock-out mice [55], 

The circadian expression of Per and Cry genes 
are regulated by CLOCK:BMALl and 
NPAS2:BMAL1 through binding on E-boxes 
sequences [29]. Nevertheless, other m-acting ele¬ 
ments, such as cAMP-response (CRE) [75-77], 
DBP-binding (D-box) elements [78, 79], and glu¬ 
cocorticoids response elements (GRE) [44, 80] 
are known to be also involved in the regulation of 
the Perl and Per2 expression (Fig. 1.1). Since 
CREB signaling also increases with prolonged 
wakefulness [81, 82], this pathway might have 
contributed to the increase in Perl and Per2 
expression after sleep deprivation. Moreover, in a 
recent study, we demonstrated that the SD-induced 
increase in the Perl and -3 gene expression, but 
not that of Per2, was to a large extent regulated 
by the SD-associated increase in the secretion of 
the glucocorticoid, corticosterone (Fig. 1.1) [12]. 
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There are other examples of molecules known 
to be affected by sleep and waking that also affect 
Perl or Per2 expression but their influence in 
explaining the wake-dependent increase in Perl 
and Per2 gene expression is less straightforward. 
For instance, the transcription factor DBP, itself a 
target of CLOCK- and NPAS2-mediated tran¬ 
scription (Fig. 1.1) [83], promotes Perl and Per2 
gene expression by acting on D-boxes on the pro¬ 
moter of Perl and Per2 [78, 79]. Dbp expression 
is, however, known to decrease during sleep 
deprivation [48, 68]. Similarly, tumor-necrosis 
factor alpha (TNFa), a cytokine involved in 
sleep-wake regulation and which increases with 
sleep loss [5, 84], suppresses Perl , Per2, and 
Per3 gene expression by interfering with E-box- 
mediated transcription [85]. This seems, how¬ 
ever, inconsistent with the widely reported 
increase in Perl, Per2, and Per3 gene expression 
after sleep deprivation. 

In humans, the role of circadian genes in the 
homeostatic sleep process and circadian process 
has been investigated by assessing the conse¬ 
quences of natural variation in these genes (i.e., 
polymorphisms and mutations). A variable num¬ 
ber tandem repeat (VNTR) polymorphism in the 
Per3 gene associates with diurnal preference and 
delayed sleep phase syndrome [86]. In a subse¬ 
quent study, the Per3 VNTR polymorphism was 
shown to also affect the electrophysiological and 
behavioral markers of sleep homeostasis such as 
EEG delta power and waking performance [8] 
and in particular executive function in the early 
morning after a day and a night without sleep 
[87], These observations imply that the PER3 
VNTR polymorphism affects the homeostatic 
aspect of sleep regulation and confirm that the 
above observations are not restricted to mice and 
flies but point to a possible conserved molecular 
pathway important for sleep homeostasis. 

In this chapter, the different mutations for the 
circadian genes and their sleep-wake-dependent 
change in expression make a strong case for their 
involvement in sleep homeostasis and demon¬ 
strate that circadian and sleep processes of sleep, 
at a molecular level, cannot easily be separated. 
The present results might also be of relevance for 
research on the biology of mood disorders. In this 


field, there is increasing interest in the relation 
between clock genes and e.g., seasonal affective 
disorders [88] or bipolar disorders [89]. The 
effects of sleep deprivation on clock-gene expres¬ 
sion discussed here, combined with the fact that 
sleep deprivation is a well-known antidepres¬ 
sant [90, 91], add a molecular component to the 
intricate relationship between mood, circadian 
rhythms, and sleep (reviewed in [88, 89, 92-95]). 


Functional Implications 

A tight relation between sleep and metabolism 
has been extensively documented and has led to 
hypotheses on sleep function [96-98]. These 
relationships can be observed at various levels of 
organization from insufficient sleep as a predis¬ 
posing factor for metabolic syndrome including 
type 2 diabetes and obesity [99], to extracellular 
changes in redox potential and lactate associated 
with the sleep-wake distribution and sleep depri¬ 
vation [100, 101]. Increasing evidence also 
tightly links circadian clock genes to metabolism; 
for example, Clock mutant mice develop meta¬ 
bolic syndrome indicative of an impaired energy 
balance [57], Clock genes are also implicated in 
adapting to impose feeding cycles [102], Direct 
molecular evidence comes from the discovery 
that NPAS2 and CLOCK transcription factors 
can directly sense cellular energy state and that 
their transcriptional activity depends on intracel¬ 
lular redox potential [64,103], Moreover, NPAS2 
also targets metabolic genes like the Lactate 
dehydrogenase-A (Ldha ) gene necessary for con¬ 
verting pyruvate into lactate, a reaction that 
depends on the oxidation of the NADH to NAD + , 
thereby affecting redox potential [103], More 
recent data add to the tight relationship between 
metabolism and circadian genes. The sirtuin 1 
(SIRT1) deacetylase enzyme has been shown to 
be able to modulate CLOCK-mediated chromatin 
remodeling and to deacetylate PER2 protein [36, 
104], The activity of this enzyme depends on 
the reduction of NAD + to NADH (Fig. 1.1). 
Other direct molecular links between metabolism 
and circadian circuitry have been observed for 
the peroxisome proliferator-activated receptors 
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( Ppars ) the retinoic-related orphan receptor 
( Rora ), RevErba, and Dbp [105-113]. Thus, the 
molecular circadian network can affect and is 
affected by its intracellular environment from 
which it cannot be dissociated and metabolism 
should be regarded as an integral part of the core 
circadian pacemaker [114-117], 
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Abstract 

Circadian timekeeping is a ubiquitous feature of all eukaryotes and allows 
appropriate temporal regulation of an organism’s physiology, behavior, and 
metabolism to anticipate and respond to recurrent daily changes in the envi¬ 
ronment. Animal models provide strong evidence that disruption of circa¬ 
dian pathways are associated with metabolic dysregulation and sleep-related 
pathologies, while high-fat feeding reveals disrupted circadian rhythms of 
feeding, activity, and sleep. In humans, short sleep duration is associated 
with increased risk of metabolic syndrome, including obesity, diabetes, 
cardiovascular diseases, and cancer. Here, we examine emerging insight 
into how the circadian clock network influences energy metabolism. 


Circadian Clock Networks 

The overall goal of the chapter is to gain an 
appreciation of the feedback relationships 
between circadian clocks, metabolism, and sleep 
and to highlight the implications of these rela¬ 
tionships for our understanding of circadian 
disorders of sleep and metabolism (see Fig. 2.1). 


H.-K. Hong 

Department of Medicine, Feinberg School of Medicine, 
Northwestern University, 303 East Superior Street, 
Lurie 7-105, Chicago, IL 60611, USA 
W. Huang • K.M. Ramsey • B. Marcheva • J. Bass (El) 
Department of Medicine, Division of Endocrinology, 
Feinherg School of Medicine, Northwestern University, 
303 East Superior Street, Lurie 7-105, 

Chicago, IL 60611, USA 
e-mail: jbass@northwestem.edu 


Endogenous Circadian Rhythms 
and the Master Pacemaker 

Virtually, all aspects of human physiology and 
behavior are orchestrated by an endogenous cir¬ 
cadian timing system that allows organisms to 
respond to predictable 24-h changes in the envi¬ 
ronment (i.e., the light-dark cycle). In mammals, 
self-sustained, cell-autonomous circadian clocks 
exist throughout the body in both the brain and 
peripheral tissues [1-3]. The “master pacemaker,” 
however, resides within a bilateral structure 
called the suprachiasmatic nuclei (SCN) in the 
anterior hypothalamus of the brain, as demon¬ 
strated by classical lesioning studies in which 
rhythmic locomotor activity of SCN-lesioned 
animals was restored by transplantation of 
the SCN from wild-time animals [4-8]. The 
SCN is a heterogeneous structure comprised of 
approximately 10,000 neurons, each acting as an 
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Fig. 2.1 Interplay between the circadian clock, sleep, 
and metabolism. Emerging evidence has revealed com¬ 
plex reciprocal relationships between the circadian clock 
network, sleep homeostasis, and metabolism, as indicated 
by the double arrows. Disruption of circadian rhythms or 

autonomous oscillator. Anatomical, electrophysi- 
ological, and bioluminescence imaging studies of 
the SCN from both intact animal models and dis¬ 
persed neuronal cell cultures suggest that unique 
neuronal intercellular coupling and network 
properties enable the SCN to act as the master 
pacemaker of the organism (reviewed in [9]). The 
SCN receives environmental light input via the 
retinohypothalamic tract, which originates in the 
retina within a small subset of retinal ganglion 
cells, which express the photopigment melanop- 
sin and integrate photic information (see Fig. 2.2) 
[11, 12], reviewed in [13], The SCN mainly proj¬ 
ects to the ventral and dorsal subparaventricular 
zones (vSPZ and dSPZ, respectively) and the 
dorsomedial nucleus (DMH), which subsequently 
transmits SCN signals to a variety of nuclei 
involved in sleep/wake cycles, feeding, thermo¬ 
regulation, and corticosteroid secretion [14], In 
addition, hormonal factors such as transforming 
growth factor-alpha (TGFa) [15], cardiotropin- 
like cytokines [16], and prokineticin [17] have 
also been proposed as signals involved in com¬ 
munication between SCN and other regions of 
the hypothalamus. Both neuronal and humoral 
signals originating from the SCN communicate 
to achieve coherent metabolic, electrical, and 
secretory rhythms throughout the organism and 
to coordinate and maintain the relative phasing of 
diverse physiological processes, including body 
temperature, heart rate, hormone secretion, glu¬ 
cose and lipid metabolism, cell cycle progres¬ 
sion, and feeding behavior (reviewed in [18-21]). 


sleep results in increased risk of metabolic disorders, 
including type 2 diabetes. Conversely, changes in metabo¬ 
lism or nutrient availability reciprocally can lead to the 
disruption of both sleep and circadian homeostasis on 
both molecular and physiologic levels 

In the past 20 years, forward genetic and gene¬ 
targeting approaches, as well as the identification 
of classical spontaneous mutants, have been 
instrumental in defining the essential set of genes 
and molecular mechanisms underlying the circa¬ 
dian system in mammals (reviewed in [22, 23]). 
Further, the recent availability of both global and 
tissue-specific genetic models has offered unique 
opportunities to define the role of circadian oscil¬ 
lators in metabolism, energy balance, sleep regu¬ 
lation, and human health. Here, we will focus on 
the circadian oscillator as a regulator of sleep and 
metabolism, as the neural circuitry and neu¬ 
rotransmitters involved in regulation of wake, 
non-REM sleep, and REM sleep is discussed in 
another chapter (For details, see Chap. 3). 


Molecular Basis of Circadian 
Rhythms: The Core Molecular 
Clock Mechanism 

The core molecular components and the genetics 
of mammalian circadian system are now well 
defined [22, 23]. In brief, the molecular basis of 
circadian timing involves interlocking transcrip¬ 
tional/translational feedback loops, which gener¬ 
ate rhythmic expression of a set of core clock 
genes that encode highly conserved transcription 
factors and enzymes (see Fig. 2.2) [23, 24], The 
positive feedback loop is composed of brain 
and muscle aryl-hydrocarbon receptor nuclear 
translocator-like 1/aryl-hydrocarbon receptor 
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nuclear translocator-like (BMAL1/ARNTL) and 
its heterodimeric binding partner circadian loco¬ 
motor output cycles kaput (CLOCK) or its 
paralog neuronal PAS domain protein 2 (NPAS2) 
[25, 26], which transactivate downstream clock 
and clock-controlled genes (CCGs) by binding to 
E-box elements that he within their promoters 
[27-30]. Among these target genes are 
Cryptochrome (Cry 1 and Cry2) and Period (Perl, 
Per2, and Per3), whose protein products accumu¬ 
late, heterodimerize with each other in the 
cytoplasm, and translocate to the nucleus, where 
they interact with the CLOCK:BMALl complex 
to inhibit their own transcription [31]. As the 
CRY-PER repressor is degraded and inhibition is 
relieved, the CLOCK:BMALl complex renews 
its transcriptional cycle, creating a 24-h timekeep¬ 
ing system that ultimately drives oscillations of 
downstream target gene expression. In addition, a 
second negative feedback loop, which interlocks 
with the primary feedback loop, regulates Bmall 
transcription via retinoic acid-related orphan 
receptor elements (ROREs) in the promoter: 
retinoic acid receptor-related orphan receptors 
(RORs: Rora, RorfS, Ror'f) activate and REV- 
ERBs ( Rev-erba , Rev-erb/5) repress Bmall tran¬ 
scription, respectively [32-37]. Finally, 
posttranslational modifications involving phos¬ 
phorylation and E3 ligase-mediated proteasomal 
degradation of CRY and PER [through Casein 
Ki nase 1 isoform s (a, 5, and s), FBXL3, /3-TrCPl, 
and protein phosphatase 1] contribute to protein 
turnover and are critical in determining the stabil¬ 
ity of circadian periodicity of the clock [38-49], 


Brain Circuitry Linking Circadian 
Centers to Sleep 

The neural basis for circadian regulation of sleep/ 
wake cycles can be analyzed anatomically by trac¬ 
ing connections between the circadian control 
centers and the sleep/wake centers (see Fig. 2.3). 
Efferent projections from the SCN form synapses 
within neurons in the ventral subparaventricular 
zone (vSPZ), which in turn project to the DMH. 
Retrograde tracing studies have demonstrated 
dense GABAergic connections from the DMH to 


the VLPO and glutamatergic connections from the 
DMH to the LHA [51-54], Functionally, destruc¬ 
tion of the vSPZ leads to disrupted circadian 
rhythms of sleep-wakefulness and locomotion 
activity [55], while lesioning of the DMH results 
in altered rhythms of diverse physiological pro¬ 
cesses, including sleep/wakefulness, feeding 
behavior, locomotor activity, and glucocorticoid 
secretion [53]. In addition to communicating with 
hypothalamic sleep/wake center neurons, the SCN 
also projects to brain stem arousal regions includ¬ 
ing the LC via DMH [56] and the VTA via a relay 
at the medial preoptic nucleus (MPOA) [57], 
Genetic deletion of some of the core molecular 
clock components affects not only the timing of 
sleep, but also the amount and architecture of sleep 
and the compensatory response to sleep depriva¬ 
tion (a measure of homeostatic drive). For exam¬ 
ple, Clock Aimi9 mutant mice have less total sleep 
time and less recovery REM sleep after sleep depri¬ 
vation [58], Bmall knockout mice exhibit dis¬ 
rupted sleep/wake rhythms and altered sleep 
architecture, including increased total sleep time, 
sleep fragmentation, and attenuated recovery from 
sleep deprivation [59]. While NPAS2-deficient 
mice have a normal sleep pattern during the light 
(rest) period, they fail to display the brief sleep 
normally observed during the late dark (active) 
period [60], suggesting that the forward limb of the 
molecular clocks may play distinct roles in sleep 
regulation. In addition, deletion of both Cry I and 
Cry2 results in enhanced NREM sleep drive [61]; 
however, deletion of Perl, Per2, or both Perl and 
Per2 (double knockout) has little impact on recov¬ 
ery sleep following sleep deprivation [62, 63], 
Mounting evidence suggests that clock genes 
also regulate sleep in humans (for review, [64]). 
For example, familial advanced sleep phase syn¬ 
drome (FASPS) was the first human sleep disor¬ 
der with an overt Mendelian pattern of inheritance 
and was also the first example of clock gene con¬ 
trol of sleep in humans. FASPS is an autosomal 
dominant disorder characterized by persistent 
(3-4 h) advanced sleep onset and early awaken¬ 
ing (i.e., “morning larks”) [65], Interestingly, 
linkage analysis and candidate gene approaches 
have identified mutations in both PER2 (S662G) 
and CKld (T44A) in two independent FASPS 
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Fig. 2.3 Map of neural circuits linking SCN and extra- 
SCN regions important in circadian and energetic control. 
The mammalian circadian pacemaker in the hypothalamic 
suprachiasmatic nucleus (SCN) receives environmental 
light cycle information through the retinohypothalamic 
tract (RHT). The SCN projects to the vSPZ, the dorsome- 
dial nucleus (DMH), and lateral hypothalamic area (LHA), 
the latter acting as a hub to integrate metabolic, circadian, 
and sleep/wake signals. The LHA possesses reciprocal 
connections with wake promoting centers including basal 
forebrain (BF) and the monoaminergic nuclei [tubero- 
mammalary nucleus (TMN); substantia nigra and ven- 
trotegmental area (SN/VTA); dorsal raphe nucleus; locus 


pedigrees [48, 66]. Remarkably, both mutations 
affect the posttranslational modification of PER2 
by Casein Kinase 1. 

A second sleep disorder, delayed sleep phase 
syndrome (DSPS), is characterized by a chronic 
inability to fall asleep or awaken relative to the 
desired “normal” time of day. The average onset 
of sleep in DSPS individuals occurs in the early 
morning (3-6 am), and the average awakening 
occurs in the late morning to afternoon (11-2 pm) 
(i.e., “night owls”). While familial cases have 
been reported, the genetic defect underlying 
DSPS remains to be identified [67,68]. However, 
several association studies of DSPS, including 
N-24 and extreme diurnal preference, have 
reported sequence variants of known circadian 
genes ( CLOCK, CSNK1E, PER2, and PERI) 
[68-75] reviewed in [64], 


ceruleus (LC)], in addition to connections with sleep 
promoting centers including ventrolateral preoptic nucleus 
(VLPO) and median preoptic nucleus (MnPN). The lat- 
erodorsal tegmental nuclei (LDT) and pedunculopontine 
nuclei (PPT) are also components of the wake promoting 
centers, which send projection to the cortex via a relay at 
the thalamus. There are mutually inhibitory communica¬ 
tions between VLPO and monoaminergic nuclei, forming 
a so-called “flip-flop switch” for controlling sleep and 
wakefulness. Acetocholine (Ach); histamine (His); dop¬ 
amine (DA); serotonin (5-HT); norepinephrine (NE). 
Lines which end with a bar indicate inhibitory synapses. 
Figure modified with permission from [50] 


In addition to circadian disorders of sleep 
onset, association studies in humans have reported 
a link between two known clock genes and sleep 
homeostasis: PER3 VNTR (variable-number tan¬ 
dem-repeat) has been implicated with sleep 
homeostasis and the TIMELESS gene has been 
associated with both depression and sleep distur¬ 
bances [76,77]. While animal studies indicate that 
mutations in clock genes regulate the circadian 
timing of sleep, only recently clock gene variants 
have been implicated in sleep homeostasis or 
architecture in humans. A mutation in a bHLH 
transcription repressor DEC2, a negative regulator 
of the circadian clock, was recently identified in a 
pedigree that segregates a short sleep length phe¬ 
notype in a dominant fashion [78]. Carriers of the 
P385R DEC2 mutation slept an average of 6.25 h 
compared with the noncarriers, who averaged 
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8.06 h of sleep; further, their sleep-offset times 
were much earlier. In addition, transgenic mouse 
models of P385R, generated using a human bacte¬ 
rial artificial chromosome (BAC) carrying the 
entire hDEC2 gene ( DEC2-P385R), displayed 
normal circadian activity rhythms (i.e., period), 
but shorter sleep time, and, interestingly, their 
“activity” time was longer than that of their con¬ 
trol littermates and transgenic mice carrying the 
wild-type allele ( DEC2-WT). Dec2 knockout 
(KO) mice displayed normal sleep time; however, 
when the P385R transgenic allele was presented 
in the Dec2 KO genetic background, sleep time 
was further reduced, suggesting that P385R is a 
dominant negative mutation. Consistent with a 
role of Dec2 in sleep homeostasis, P385R trans¬ 
genic mice also exhibited shortening of both 
NREM and REM sleep during the light phase, 
fragmented sleep structure, and alterations in sleep 
rebound following sleep deprivation. Similar rest- 
sleep disorders were also observed in transgenic 
flies with inducible expression of mDec2-WT and 
mDec2-P385R. Thus, model organisms of human 
mutations provide an excellent platform to unravel 
the molecular mechanisms regulating sleep and to 
explore pharmacological interventions that may 
lead to therapeutics for sleep-related disorders in 
humans. 


Circadian Regulation of Metabolism 

Clock-Driven Rhythms of Metabolic 
Gene Transcription Networks 

Just as the clock produces rhythmic oscillation of 
core clock genes, the circadian network also 
drives 24-h transcriptional rhythms of down¬ 
stream metabolic target genes. Gene microarray 
studies show that in any given tissue -10% of all 
mammalian transcripts exhibit circadian rhyth- 
micity [20, 79-84], a number that will likely 
increase as further high-resolution transcriptome 
profiling is performed using more sensitive non- 
parametric algorithms [81, 85, 86]. Many of these 
genes encode key transcription factors or enzymes 
in metabolic processes ranging from glucose and 
cholesterol metabolism to mitochondrial oxida¬ 
tive phosphorylation and cholesterol synthesis 


and degradation, suggesting that the clock 
regulates rhythms of multiple metabolic path¬ 
ways (see Figs. 2.2 and 2.4) [10, 20, 87-90], 
Interestingly, there is relatively little overlap in 
terms of phase of cycling of particular genes 
among the metabolic tissues, indicating that the 
circadian system influences diverse physiological 
processes in a tissue-specific manner; both local 
and systemic cues influence circadian output in a 
given tissue [87, 91]. 


Molecular Sensors Linking Circadian 
and Metabolic Networks 

The finding that the circadian clock regulates 
metabolic processes leads to the question of 
whether there are “molecular sensors” common 
to both pathways that enable the circadian system 
to monitor the environment and adjust 24 h fuel 
utilization cycles according to nutrient availabil¬ 
ity (reviewed extensively in [92]). In this regard, 
two families of proteins, the nuclear hormone 
receptors (NHRs) and the sirtuins (SIRTs), have 
recently emerged as key metabolic sensors link¬ 
ing the clock and metabolism (see Fig. 2.2). 
NHRs represent a superfamily of ligand-dependent 
transcription factors that regulate a diverse range 
of downstream physiological processes including 
glucose and lipid metabolism, as well as the core 
clock itself. More than half of the 49 known NHRs 
in mice display circadian oscillations in periph¬ 
eral metabolic tissues such as liver, fat, and skel¬ 
etal muscle [90], including REV-ERBa, RORa, 
and PPARa, which also constitute short feedback 
loops within the core clock mechanism. For 
example, REV-ERBa regulates hepatic gluco- 
neogenesis and adipocyte differentiation in addi¬ 
tion to its role as a negative regulator of Bmall 
transcription [32, 93-95], while RORa and 
PPARa regulate lipogenesis and glucose metabo¬ 
lism and are both positive regulators of Bmall 
transcription [33, 96-98], Thus, circadian regula¬ 
tion of NHRs likely contributes to the daily oscil¬ 
lation of glucose and lipid metabolism. 

Similar to the NHRs, the NAD + -dependent 
deacetylase SIRT1 is also a nutrient-responsive 
transcription factor that comprises a short- 
feedback loop within the core clock. CLOCK/ 
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BMAL1 directly regulates the expression of the 
rate-limiting enzyme in NAD + biosynthesis, nic¬ 
otinamide phosphoribosyltransferase (NAMPT), 
in peripheral metabolic tissues [99, 100], Nampt 
RNA and NAD + levels are reduced in Clock and 
Bmall mutant mice, whereas they are increased 
in mice lacking both Cryl and Cry2, suggesting a 
direct role for the circadian clock in NAD + pro¬ 
duction and downstream NAD + -dependent pro¬ 
cesses. Further, SIRT1 has been shown to regulate 
the core clock complex itself by physically inter¬ 
acting with and inhibiting CLOCK/BMAL1 in a 
NAD + -dependent manner [101, 102], In addition 
to regulation of SIRT1 activity by the clock, 
NAMPT and SIRT1 are also responsive to the 
nutritional milieu. Nampt is upregulated in 
response to decreased glucose levels in skeletal 
muscle [103,104], and fasting and caloric restric¬ 
tion increases SIRT1 activity [105-107], leading 
to upregulation of downstream metabolic pro¬ 
cesses including gluconeogenesis and adipocyte 
differentiation. Because the NHRs and sirtuins 
are regulated by both the clock and nutrient/hor¬ 
monal signals, and because these both in turn 
regulate downstream metabolic processes (in 
addition to the core clock itself), they constitute a 
unique node in the integration of temporal and 
metabolic systems. 


Metabolic Consequences of Circadian 
Disruption in Mice 

Genetic mouse models have been instrumental in 
defining key roles for each of the core clock genes 
in the generation and maintenance of circadian 
rhythmicity. While initial assessments of mouse 
models of circadian disruption revealed changes 
in circadian phenotypes such as altered locomo¬ 
tor activity rhythms, period length, entrainment 
to the LD cycle, and sleep (reviewed in [22,23]), 
further systematic evaluation of these mouse 
models revealed that they also display adverse 
metabolic phenotypes with certain features of 
the human metabolic syndrome. For instance, 
mice harboring the dominant negative Clock 19 
mutation display attenuated diurnal feeding 
rhythms, hyperphagia, obesity, hyperleptinemia, 
and hyperglycemic hypoinsulinemia due to 


impaired insulin secretion and islet proliferation 
[108,109]. Tissue-specific Bmall knockout mod¬ 
els have elucidated the metabolic consequences 
of Bmall disruption, as global Bmall mice 
develop severe myopathy and arthritis, thereby 
compromising metabolic analyses in these mice 
[110, 111]. Mice with liver-specific deletion of 
Bmall exhibit hypoglycemia during the fasting 
period, loss of rhythmic expression of hepatic 
glucose regulatory genes, and impaired gluco¬ 
neogenesis, whereas pancreas-specific Bmall 
knockout mice display hyperglycemia, impaired 
glucose tolerance, and decreased insulin secre¬ 
tion owing to secretory defects in islet cells 
[108, 112], Notably, pancreas-specific Bmall 
knockout mice show normal circadian activity, 
feeding rhythms, and body weight and composi¬ 
tion, indicating that the metabolic phenotypes in 
these mice are specifically due to disruption of 
the clock network within islets and that Bmall is 
essential for pancreatic |3-cell proliferation 
and maturation [108], Cry double knockout 
(Cryl~ / ~;Cry2~ / ~) mice display increased hepatic 
gluconeogenesis, due in part to upregulation of 
cAMP signaling [113]. Interestingly, hepatic 
overexpression of Cryl lowers blood glucose 
concentrations and improves insulin sensitivity 
in insulin-resistant Lepr Ab/db mice, suggesting that 
compounds that enhance cryptochrome activity 
may provide therapeutic benefit to individuals 
with type 2 diabetes [113]. In addition, reduced 
growth and elevated metabolic rate have been 
reported in another circadian mutant animal 
model, the Syrian tau mutant hamster with a dis¬ 
rupted CAT £ gene [114,115], 

The circadian CCG Noctumin, encoding a 
poly(A) deadenylase, provides another link 
between the circadian timing system and metabo¬ 
lism of dietary lipids. Noc~'~ mice are resistant to 
diet-induced obesity and hepatic steatosis due to 
defective lipid absorption in the small intestine 
[116,117], The orphan nuclear receptor estrogen- 
related receptor a (ERRa) has also been 
implicated as a mediator of clock control of 
metabolism. ERRa, which exhibits diurnal 
expression patterns in liver, has been shown to 
regulate the expression of several genes involved 
in glycolysis and gluconeogenesis, as well as 
several core clock genes (for review, [118]). 
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Fig. 2.4 The dock partitions behavioral and metabolic 
processes according to the time of day. The clock coordi¬ 
nates appropriate metabolic responses within peripheral 
tissues with the light-dark cycle. For example, the liver 
clock promotes gluconeogenesis and glycogenolysis during 
the sleep/fasting period, whereas it promotes glycogen 
and cholesterol synthesis during the wake/feeding period. 
Proper functioning of peripheral clocks keeps metabolic 
processes in synchrony with the environment, which is 


critical for maintaining health of the organism. Different 
tissues exhibit distinct clock-controlled properties; thus, 
ablation of the clock in certain tissues will cause opposing 
effects on metabolic function as uncovered through 
dynamic challenges at different times in the cycle under 
different nutrient conditions. Aging, diet, and environ¬ 
mental disruption such as shift work may also affect the 
integration of circadian and metabolic systems. 
Reproduced with permission from [10] 


Notably, ERRa knockout mice are resistant to 
high-fat diet-induced obesity and display pheno¬ 
types correlated with metabolic dysregulation: 
reduced peripheral fat deposits, hypoglycemia, 
and altered glucose homeostasis [119]. Locomotor 
activity rhythms and expression patterns of core 
clock genes are also altered in FRRa-null mice, 
implicating ERRa as a potential regulator of the 
circadian clock [119]. Collectively, these genetic 
studies using animal models support a role for 
circadian clocks in energy homeostasis. 


Circadian Disruption and Metabolic 
Consequences in Humans 

Just as direct genetic evidence has confirmed a 
role for human clock genes in sleep homeostasis, 


the circadian network is also critical for regula¬ 
tion of metabolism in humans (see Fig. 2.4). 
Numerous epidemiological studies have recently 
demonstrated that internal misalignment of brain 
and peripheral clocks likely underlies a wide- 
range of disorders in humans. For instance, 
night-shift workers, whose activity period is 
reversed in relation to the day-night cycle, have 
increased risk of developing colorectal, breast, 
lymphatic and prostate cancers, as well as gastric 
ulcers, obesity, diabetes, stroke and coronary 
heart disease, and metabolic syndrome 
[120-128]. In addition, shift work, jet lag, and 
voluntary sleep curtailment are associated with 
increased hunger, decreased glucose and lipid 
catabolism, reduced energy expenditure, and 
alterations in hormonal signals involved in sati¬ 
ety (reviewed [129, 130]). Further, forced 
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circadian misalignment in human subjects 
induces hypoleptinemia, insulin resistance, 
inverted cortisol rhythms, increased blood pres¬ 
sure, and impaired sleep efficiency [131]. 

Several genome-wide association studies 
(GWAS) have also suggested interconnections 
between clock gene variations and metabolism in 
humans: Bmall and Cry2 were shown to be asso¬ 
ciated with susceptibility to hypertension, type 2 
diabetes and blood glucose concentration, respec¬ 
tively [132, 133], while Clock haplotypes were 
associated with obesity and metabolic syndrome 
[134], Single nucleotide polymorphisms in Clock 
are associated with high plasma ghrelin concen¬ 
tration, altered eating behaviors, obesity, short 
sleep, and evening preference [135, 136]. 
Interestingly, recent GWAS studies also indicated 
that melatonin, a circulating hormone whose 
diurnal expression is tightly controlled by the cir¬ 
cadian clock, and its G-protein-coupled receptors 
MTNR1A and MTNR1B are associated with the 
development of type 2 diabetes and impaired 
insulin secretion [132, 137-143]. Melatonin, 
whose receptors are present in both the SCN and 
the pancreatic islets, has been shown to modulate 
a variety of physiological processes, including 
sleep, glucose metabolism, and insulin secretion 
(reviewed in [137, 144-149]). Together, these 
epidemiologic and association studies underscore 
the clinical importance of interrelationships 
between melatonin, glucose homeostasis, circa¬ 
dian rhythms, and sleep. 


Reciprocal Relations: Metabolism 
and Sleep Regulate the Clock 

Metabolic Alterations Lead 
to Disrupted Circadian Networks 

The aforementioned sections describe the integra¬ 
tion of circadian systems, sleep, and metabolism at 
the neurologic, molecular, and physiologic levels. 
However, several recent studies have also demon¬ 
strated that the reciprocal relationship is also 
true—alterations in metabolism disrupt circadian 
rhythms and sleep. For example, feeding mice a 
high fat alters circadian rhythms by lengthening 


the locomotor activity period, reducing the ampli¬ 
tude of feeding rhythms, and altering the expres¬ 
sion of clock and CCGs [88], High-fat feeding 
also disrupts circadian regulation of humoral and 
CNS metabolic systems by reducing the diurnal 
rhythm of orexin gene expression and increasing 
leptin, glucose, insulin, and free fatty acid levels. 
Finally, high-fat fed mice display increased sleep 
pressure (i.e., increased NREM time) and difficulties 
in maintaining wakefulness during the active phase 
[150], In addition to the diet-induced changes in 
circadian rhythms and sleep, genetic mouse mod¬ 
els of obesity have demonstrated similar findings 
with regard to disrupted circadian and sleep-wake 
rhythms. Leptin-deficient ob/ob mice (Lep" h/ob ), a 
genetic model of severe obesity and metabolic 
dysregulation, exhibit disrupted sleep architecture 
and consolidation, low body temperature, attenu¬ 
ated feeding rhythm behavior, and decreased loco¬ 
motor activity [151]. Similarly, leptin 
receptor-deficient mice (Lepr db/db ) and Zucker 
obese rats develop obesity, diabetes, and altered 
sleep regulation, feeding rhythm behavior, and 
diurnal locomotor activity rhythms [152-154], 
Both diet-induced and genetically obese mice 
exhibit altered circadian locomotor behavior, indi¬ 
cating that the timing of food intake itself may 
play a significant role in weight gain. Indeed, 
numerous studies have reported that peripheral 
clocks are permissive to and can be entrained by 
temporal changes in food availability. For exam¬ 
ple, while rhythmicity in the SCN remains phase- 
locked to the light-dark cycle, liver clocks can be 
entrained rapidly to changes in feeding schedules 
[155-157]. In rodents, restricted feeding during 
the day uncouples circadian liver gene expression 
from circadian gene expression in the SCN, and 
SCN-ablated rodents are still able to anticipate meal¬ 
time during restricted feeding, as demonstrated by 
increased locomotor activity, increased body tem¬ 
perature and endocrine changes (reviewed in 
[158]). Finally, a recent study showed that mice 
fed a high-fat diet only during the 12-h light phase 
(the normal “rest” period) gained significantly 
more weight than mice fed only during the 12-h 
dark phase (the normal “wake” period) [159], sug¬ 
gesting that temporal changes in food availability 
impact energy constancy. 
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Regulation of the Clock by Sleep 

Sleep and arousal have also been shown to regu¬ 
late the circadian clock. Neuronal activity in the 
SCN increases during REM sleep but decreases 
during NREM sleep, and a causal relationship 
exists between the sleep state and SCN neuronal 
firing [160], Further, chronic sleep deprivation 
inhibits SCN neuronal activity, which is most 
pronounced during NREM and REM sleep [161]. 
Thus, similar to the interrelationship between 
circadian rhythms and metabolism, these data 
suggest the existence of a reciprocal loop between 
sleep and the circadian network. 


The Neuroendocrine System, Energy 
Balance, and Sleep 

Growth Hormone and Sleep 

It has been known for decades that secretion of cer¬ 
tain hormones, such as growth hormone (GH), is 
tightly associated with sleep. GH is secreted from 
the anterior pituitary in a pulsatile manner, and its 
burst release during slow-wave sleep (SWS) after 
sleep onset accounts for two-thirds of the daily GH 
secretion [162], Sleep deprivation suppresses GH 
secretion, while GH secretion is restored during 
recovery sleep [163-165], Interestingly, sleep- 
related GH release is also both gender and age 
dependent. Men have more robust GH secretion 
after sleep onset than women, whose sleep-related 
GH release only represents about 50% of daily GH 
release [166]. Further, during aging, the sleep-asso¬ 
ciated GH secretion gradually diminishes until age 
50 when it practically disappears [167]. 

GH-releasing hormone (GHRH), somatosta¬ 
tin, and ghrelin (which inhibits and stimulates 
GH secretion, respectively) may mediate the 
regulation of GH secretion by sleep [168]. 
Administration of GHRH antagonists nearly 
abolishes the GH secretion at sleep onset, sug¬ 
gesting a critical role of GHRH in sleep-related 
GH secretion [169]. In rats, hypothalamic Ghrh 
mRNA levels peak at the onset of the light (rest) 
period, then gradually decrease and eventually 
reach trough levels at night (active period) [170]. 


On the other hand, GHRH content drops during 
the light period, indicating its robust release, but 
accumulates at night likely as a result of either 
reduced degradation or release [171]. In agree¬ 
ment with these findings, sleep deprivation results 
in an increase in Ghrh mRNA synthesis and a 
concomitant decrease in GHRH content due to 
increased release [172], 

The relationship between GHRH and sleep 
appears to be reciprocal. A number of studies have 
shown that GHRH stimulates NREM sleep in 
many species including rats, mice, and humans 
[173, 174], This phenomenon is not mediated by 
GH since similar effects of GHRH on sleep were 
also observed in hypophysectomized animals 

[174] and in Spontaneous Dwarf rats, which har¬ 
bor inactivating GH mutations [168]. Consistent 
with the above findings, disruption of GHRH sig¬ 
naling by various methods, including somatostatin 

[175] , high levels of IGF-1 [176] and GH via their 
negative feedback [177], GHRH antagonist [178], 
and GHRH antibody [179], leads to reduced 
NREM sleep. Moreover, NREM sleep is 
significantly reduced in dwarf rats and Lit/Lit 
mice, both of which have deficient GHRH signal¬ 
ing [173, 180], It appears that GHRH signaling 
synchronizes both sleep and GH secretion and that 
the connection between the POA sleep center neu¬ 
rons and the GHRH neurons in the arcuate nucleus 
may underlie this dual function of GHRH. 

The HPA Axis and Sleep 

In addition to the hypothalamic-somatotropic 
axis, the hypothalamic-pituitary adrenal axis also 
interacts with sleep regulation at many levels, as 
there is a reciprocal interaction between GHRH 
and corticotropin-releasing hormone (CRH) in 
sleep control. In humans, NREM sleep and GH 
release peak during the first half of the night, 
whereas adrenocorticotropic hormone (ACTH) 
and cortisol secretion predominate during the 
second half of the night. GHRH stimulates 
NREM sleep, GH secretion and reduces cortisol 
levels [181]. CRH administration decreases GH 
levels and NREM sleep and increases cortisol 
levels and awakenings [182], 
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Hypercortisolism, such as that observed in 
patients with Cushing’s syndrome, is associated 
with decreased SWS [183, 184], Similarly, mild 
elevation in ACTH and cortisol is also present in 
patients with depression [185], whose sleep pattern 
is characterized by decreased NREM sleep and dis¬ 
rupted sleep continuity [186, 187]. Additionally, 
CRH neurons form reciprocal synapses with nora¬ 
drenergic neurons in the LC, thereby promoting 
alertness via the wake-promoting center [188]. 
Studies suggest that the effect of hypercortisolism 
on sleep is likely mediated by CRH, rather than glu¬ 
cocorticoid hormone itself [189]. 

Sleep can also modulate the activity of the HPA 
axis. However, it should be emphasized that the 
HPA axis is largely controlled by the circadian 
system, while the effect of sleep on HPA is rather 
subtle [190], The peak of the HPA activity is asso¬ 
ciated with the onset of awakening, the so-called 
“awakening response.” Sleep deprivation leads 
to an increase in ACTH and cortisol [191]. 
Interestingly, obstructive sleep apnea (OSA) is 
characterized by frequent awakenings at night and 
activation of the HPA axis, the latter of which has 
been proposed to contribute to the development of 
metabolic syndrome associated with OSA [191]. 


Orexin Neurons in the Integration 
of Circadian Rhythms, Sleep, 
and Metabolism 

Accumulating evidence suggests that orexin neu¬ 
rons in the LHA may serve as a hub for integrat¬ 
ing regulatory signals for circadian rhythm, sleep/ 
wake cycles, and energy balance. As discussed in 
more detail in another chapter (see Chap. 3), 
orexin neurons communicate with multiple sleep 
and wake regulating centers including the VLPO, 
the BF, and the monoaminergic neurons [192], 
Moreover, orexin neurons are also under strong 
circadian control. The SCN projects to orexin 
neurons in the LHA both directly [54] and indi¬ 
rectly via the DMH [51]. Orexin-1 levels in the 
CSF display circadian variations, which are 
absent in SCN-lesioned animals [193, 194], 
Recent studies have also demonstrated a key 
role of orexin neurons in energy homeostasis. 


Anatomically, orexin neurons in the LHA have 
dense synapses with multiple neuronal popula¬ 
tions implicated in energetics, including reciprocal 
connections with neurons in the DMH and the 
NPY/AgRP and POMC/CART neurons in the 
ARN [50]. Functionally, earlier studies showed 
that acute ICV injection of orexin leads to increased 
food intake [195], and orexin antagonists result in 
hypophagia [196]. However, a recent study dem¬ 
onstrated that mice overexpressing orexin are 
resistant to diet-induced obesity likely via the 
orexin 2 receptor and that these effects are depen¬ 
dent on leptin signaling [197], suggesting a role 
for endogenous orexin signaling in protection 
against obesity. Another important role of orexin 
neurons is their involvement in the food anticipa¬ 
tory activity (FAA), which is observed before food 
presentation when food availability is restricted to 
certain period of the day. Orexin neuron-ablated 
mice exhibit normal entrainment of Per2 expres¬ 
sion in the brain and liver by restricted feeding, but 
fail to demonstrate FAA [198, 199], Moreover, 
orexin neurons are important in the maintenance 
of arousal during fasting, which is essential for 
alertness and food seeking behavior during food 
shortage. Consistent with this hypothesis, orexin 
neuron-ablated mice exhibit loss of activity and 
arousal in response to fasting [200]. 

Interestingly, in addition to orexin, orexin 
neurons may express as-yet unidentified neuro¬ 
peptides that contribute to wakefulness and 
energy homeostasis. A recent study showed that 
orexin neurons, but not the orexin neuropeptide, 
are critical for the circadian control of REM sleep 
[201]. In addition, in contrast to orexin neuron- 
ablated mice, which lack FAA, orexin knockout 
mice demonstrate normal activity when they are 
entrained to a restricted feeding schedule [202]. 
Future studies will further identify the molecular 
factors within orexin-producing neurons that are 
involved in FAA. 


Conclusions 

Rapid strides have been made in recent years to 
dissect the complex interplay between circadian 
rhythms, metabolism, and sleep. These three 
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processes are interdependent and closely con¬ 
nected through extensive reciprocal relationships 
(see Fig. 2.1). Given the concurrent epidemics of 
sleep loss and obesity, it is more important than 
ever to gain a detailed understanding of both the 
molecular and physiologic underpinnings linking 
sleep, metabolism, and the circadian system. 
Additional advances will emerge by refining the 
neuroanatomic map linking circadian and ener¬ 
getic centers with areas regulating sleep and 
wakefulness; ultimately, such efforts may lead to 
the development of rational therapeutics for the 
treatment of obesity and sleep-related metabolic 
disorders. 
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Abstract 

Research over the past 50 years has determined that specific neurons in the 
brain are responsible for generating waking, non-REM sleep, and REM 
sleep. Some of the neurons responsible for keeping us awake are also 
involved in regulating energy metabolism. One such arousal neuronal pop¬ 
ulation contains the neuropeptide hypocretin, also known as orexin. The 
HCRT neurons are located in the hypothalamus, an area that also contains 
other neurons regulating energy metabolism. The hypocretin neurons are 
most active during waking and silent during sleep, and their activity has 
been shown to regulate brown adipose tissue (BAT) thermogenesis. The 
hypocretin neurons are also activated by low glucose levels and shut off 
when the glucose levels increase. Thus, the activity of the hypocretin neu¬ 
rons is linked to energy metabolism. Based on this relationship, it is easy to 
see how inadequate sleep or even frequent arousals during sleep, as occurs 
in obstructive sleep apnea, will affect energy metabolism and adiposity. 
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Introduction 


It was initially hypothesized that sleep was a 
passive process resulting from lack of sensory 
stimulation to the brain. This hypothesis was 


rejected when rapid eye movement sleep (REM 
sleep) was discovered [1, 2], and it was found 
that during REM sleep the brain was as active as 
in waking. With that discovery, it became clear 
that in humans there was a process in the brain 
that periodically “awakened” the sleeping brain 
every 90 min at night. We now know that specific 
neurons are responsible for generating wake, 
non-REM, and REM sleep (Fig. 3.1). There is a 
tight link between arousal and feeding, and 
peripheral signals such as glucose activate 
arousal neurons, so that the animal can forage 
for food. Indeed, some of the sleep and arousal 
neurons reside in areas that regulate feeding. In 
this chapter, we review the evidence linking 
arousal, feeding, and sleep. 
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Fig-3-1 A coordinated interaction between neuronal 
populations is responsible for wake, non-REM sleep, and 
REM sleep. Neuronal populations that are considered to 
generate wakefulness ( yellow ) interact with neurons that 
generate non-REM sleep (blue). Both act on neurons in 
the pontine brainstem (red) and influence the generation 
of rapid-eye movement sleep (REM sleep). Wake-on neu¬ 
rons inhibit REM sleep by activating pontine GABA neu¬ 
rons in the pons. The strength of the excitatory input to the 
pontine GABA neurons (red) influences REM sleep. A 
strong input will inhibit REM sleep while a weakened 
input will facilitate it. This excitatory input to the GABA 
pontine neurons is from hypocretin and from other 
sources. The purpose of this excitation is to keep the ani¬ 
mal upright and mobile while foraging for food. During 
non-REM sleep the excitatory input to the pontine GABA 
neurons is lost and is replaced by a strong inhibitory input. 
This enables REM sleep generator neurons (green) to 


become active and when sufficient numbers of these are 
activated then REM sleep ensues. The hypothesis that the 
pontine areas inhibit REM sleep has been tested in two 
separate studies from our lab [3-5]. The earlier study 
tested the hypothesis in rats whereas the second study 
tested it in mice. In both studies REM sleep increased 
when the GABA neurons were lesioned with hypocretin-2 
saporin thereby supporting the hypothesis of PAIRS. Ach 
acetylcholine, BF basal forebrain, DR dorsal raphe, GABA 
gamma amino butyric acid, GLUT glutamic acid, HA his¬ 
tamine, HCRT hypocretin, LC locus coeruleus, LH lateral 
hypothalamus, MnPO median preoptic nucleus, NE nor¬ 
epinephrine, LDT lateral dorsal pontine tegmentum, PPT 
pedunculopontine tegmentum, SLD sub lateral dorsal 
nucleus, TMN tuberomammillary nucleus, vIPAG ventral 
lateral periaquaductal gray, VLPO ventral lateral preoptic 
nucleus. Reprinted with permission from [5] 


Neurons Responsible for Sleep 

The Ventral Lateral Preoptic Area 

This is a small region located in the preoptic area 
comprising primarily of neurons containing 
GABA and galanin. These neurons project to and 


are inhibitory to all of the arousal neurons [6]. 
The ventral lateral preoptic area (VLPO) neurons 
are inhibited by the wake-active neurotransmit¬ 
ters, acetylcholine, serotonin, and norepineph¬ 
rine, but are unaffected by histamine [7]. The 
VLPO neurons were identified using the 
immediate-early gene c-FOS [8]. Subsequently, 
a region dorsal to the VLPO, the median 
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preoptic area (MPO) was identified as sleep 
active based also on c-FOS immunohistochemis- 
try. Electrophysiology studies have now more 
definitively determined that VLPO/MPO neu¬ 
rons begin to fire during drowsiness and peak 
activity is seen during non-REM sleep. The sleep 
active cells comprise about 25% of the recorded 
cells in the basal forebrain-preoptic area and are 
intermixed with wake-active cells which pre¬ 
dominate. Electrical stimulation or warming of 
the VLPO/MPO area induces sleep. Lesions of 
the VLPO decrease sleep and increase wake [9]. 
The VLPO and MPO neurons are now linked to 
sleep pressure [10, 11] and turn on when the 
wake-active neurons stop firing. Optogenetic 
methods are currently being used to drive these 
neurons to initiate sleep. VLPO/MPO neurons 
project to the pontine regions responsible for gat¬ 
ing REM sleep [12], 

Recently, sleep-active neurons were 
identified in the cortex and found to contain 
GABA, neuronal nitric oxide synthase (nNOS), 
and some also contained neuropeptide Y [13]. 
These neurons were diffusely scattered in all 
cortical layers in the rat, but in the mouse 
they were predominantly in layers V and VI. 
Activation of these neurons during sleep would 
inhibit cortical neurons, while nNOS may dic¬ 
tate sleep pressure since the intensity of 
sleep was found to be directly related to the 
number of nNOS expressing GABAergic corti¬ 
cal neurons [13]. 


Melanin Concentrating Hormone 

Neurons containing the neuropeptide melanin¬ 
concentrating hormone (MCH) are located pri¬ 
marily in the posterior hypothalamus. These 
neurons are separate and distinct from the hypo- 
cretin neurons, but located in the same region as 
the hypocretin neurons. They also project to 
many of the same regions in the brain as the 
hypocretin neurons. MCH exerts its action via 
two metabotropic receptors, the MCHR1 and 
MCHR2, but only the MCHR1 is present in 
rodents. MCH neurons are active primarily dur¬ 
ing sleep, especially during REM sleep, and 


MCH knockout mice have less REM sleep. 
Intraventricular microinjection of MCH increases 
both slow wave sleep (SWS) and REM sleep. 
This evidence suggests an important role of this 
peptide in sleep. 

There is very strong evidence that MCH 
increases food intake and reduces energy expen¬ 
diture [14, 15]. For instance, acute infusion of 
MCH into the lateral ventricles induces feeding 
in rodents [16]. Mice with deletion of the pre- 
pro-MCH gene [17] or of the MCH neuron 
(ataxin-MCH transgenic mice) are lean, hypo- 
phagic, and have increased energy expenditure 
[18]. Mice lacking MCH receptors are hypo- 
phagic and lean with increased metabolic rate. 
MCH-1 receptor antagonists produce significant 
weight loss in rodent models of obesity and do so 
by reducing meal size [19]. 


Neurons Responsible for Arousal 

There are many more neuronal populations linked 
to arousal compared to sleep. The arousal neu¬ 
rons include not only the classical neurotransmit¬ 
ters but also the peptide, hypocretin. Research 
during the last decade leads us to conclude that 
one reason for the diverse population of arousal 
neurons is that some of these populations arouse 
a sleeping brain in response to specific situation. 
For instance, the histaminergic and noradrenergic 
neurons trigger arousal in the event of an alarm 
(either internal or external) and maintain vigi¬ 
lance in a stressful condition. The basal forebrain 
cholinergic neurons rapidly bring cognitive func¬ 
tions online when awakened from sleep. Lesions 
of all three of these neuronal populations do not 
change overall levels of wakefulness but when 
the histaminergic or the LC neurons are lesioned 
then it decreases arousal in unfamiliar conditions 
[20]. Previously, we reviewed the evidence link¬ 
ing the histamine, noradrenaline, and acetylcho¬ 
line neurons to arousal [21], 

It is also important to have neurons that 
respond to hunger, which then triggers the overall 
arousal network to allow foraging for food. 
A number of peptides and neurotransmitters are 
located within the hypothalamus, and their role in 
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sleep and wakefulness has been reviewed [22], 
In this paper, we will specifically focus on 
neurons containing the neuropeptide hypocretin, 
which is located primarily in the posterior hypo¬ 
thalamus. The growing body of evidence, amassed 
only within the last 10 years, shows that these 
neurons are linked to sleep and wakefulness and 
also regulate energy metabolism. 

Hypocretin 

The peptide hypocretin, also known as orexin, 
was discovered by two independent groups using 
different approaches [23-25]. The hypocretins 
were linked to narcolepsy as a result of the dis¬ 
covery that canines with narcolepsy possess a 
mutation in the hypocretin-2 receptor [26], This 
was then supported by the finding that mice with 
deletion of the hypocretin/orexin gene exhibit 
symptoms of narcolepsy [27]. Narcoleptic 
patients have a loss of the hypocretin-containing 
neurons [28, 29] and low CSF concentrations of 
HCRT-1 [30]. Narcoleptic patients, hypocretin 
knockout mice, and the hypocretin-2 receptor 
knockout mice weigh significantly more than 
age-matched controls [27, 31]. 

The hypocretin neurons project to sites involved 
in waking and REM sleep. The heaviest projections 
are to the locus coeruleus (LC) and the tuberomam- 
millary nucleus (TMN). Hypocretin fibers also 
innervate the dorsal raphe and basal forebrain. 
Immunohistochemistry indicates that one or both 
of the receptor subtypes (hypocretin-1 and hypo¬ 
cretin-2 receptors) are expressed in the dorsal raphe, 
the lateral dorsal tegmental (LDT) nucleus, LC, the 
locus subcoeruleus, pontis oralis, Barrington’s 
nucleus, the trigeminal complex (mesencephalic 
trigeminal and motor nucleus of the trigeminal 
nerve), the dorsal tegmental nucleus of Gudden, the 
ventral cochlear nucleus, trapezoid nucleus, pon¬ 
tine raphe nucleus, and the pontine reticular nucleus. 
Complementary analysis of hypocretin receptor 
mRNA with a cRNA probe shows that hypocretin 
receptor mRNA is also detected in areas that show 
protein immunoreactivity, suggesting the mRNA 
and protein are co-localized. 


The receptor is present on neurons involved 
in mastication, bladder control, gastrointestinal 
function, and arousal. Given these projection 
sites and the functions associated with these sites, 
we hypothesize that hypocretin acts to keep the 
animal alert and vigilant while engaged in feed¬ 
ing behavior. Hypocretin has a powerful wake- 
promoting effect and receptor antagonists that 
block one or both receptors [32] cause sleepiness. 
In nonhuman primates, inhalation of hypocretin 
produces arousal even after sleep deprivation 
[25]. The activity of the HCRT neurons is consis¬ 
tent with promoting arousal. Identified HCRT 
neurons are active during wake and silent during 
sleep [33-35]. They begin to fire in anticipation 
of arousal, and they are easily activated during 
sleep [35], 

Initially it was hypothesized that the hypocre¬ 
tin neurons regulate feeding. However, since then 
a number of studies, including our own [36] have 
found that food intake is not changed in hypocre- 
tin-KO mice or in mice lacking the hypocretin 
neurons [37-40]. Hypocretin neurons are sensi¬ 
tive to glucose, ghrelin, and leptin [41], Hypocretin 
neurons are also sensitive to and activated by 
amino acids [42], The inputs from the ventral 
medial hypothalamus and the lateral hypothala¬ 
mus would arouse the animal because glucosens- 
ing neurons in these regions [43] respond to a 
very narrow range of glucose levels (0.1- 
2.5 mmol/1). A lower glucose level, which is 
likely at the end of a rodent’s sleep period (during 
the day in nocturnal rodents), would activate 
arousal neurons so that the animal can forage for 
food and restore energy balance. Indeed, the 
HCRT neurons are activated by low glucose lev¬ 
els and shut off when the glucose levels increase 
[44], Not surprisingly, hypocretin and MCH neu¬ 
rons respond in a different way to glucose [45]; 
high glucose inhibits hypocretin neurons but 
stimulates MCH neurons. In other words, the 
increased glucose decreases activity of the arousal 
promoting hypocretin neurons and increases 
activity of the sleep promoting MCH neurons. 
This makes perfect sense given that after a meal 
there is a high tendency to sleep whereas hunger 
promotes arousal. 
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SIRT-1, CLOCK, Energy Metabolism, 
and Hypocretin 

As noted earlier, loss of hypocretin or of its recep¬ 
tor increases adiposity. Enhanced orexin receptor 
2 signaling prevents obesity [46], The weight 
gain may be the result of impaired brown adipose 
tissue (BAT) thermogenesis [47]. In the brain, 
orexin input to the raphe pallidus has been shown 
to regulate BAT thermogenesis [48]. Waking 
would drive sympathetic outflow resulting in 
increased energy expenditure and compensatory 
increase in feeding. Waking at an inappropriate 
time of day such as what occurs with shift work 
will also affect energy metabolism. 

How might peripheral metabolic signals feed¬ 
back onto arousal neurons? SIRT-1 may link 
energy metabolism to hypocretin. SIRT-1 is an 
enzyme that epigenetic ally regulates gene expres¬ 
sion by using energy stored in nicotinamide ade¬ 
nosine dinucleotide (NAD+) to remove the acetyl 
group from histones. In so doing, SIRT-1 changes 
chromatin structure. Recently, it was discovered 
that SIRT-1 counteracts the activity of CLOCK 
[49, 50], As reviewed elsewhere in this book (see 
Chaps. 1 and 2) CLOCK dimerizes with BMAL1 
which then sets into motion an intracellular 
cascade that regulates circadian rhythms. 
However, CLOCK acetylates histones, and 
SIRT-1 associates with the CLOCK:BMALl het¬ 
erodimer to deacetylate histones. SIRT-1 is exqui¬ 
sitely sensitive to glucose [51] and by coupling 
with CLOCK it may transduce peripheral meta¬ 
bolic signals to the circadian clock. This would 
then regulate the amplitude of the intracellular 
cascade underlying circadian rhythms. 

SIRT-1 is increased when food is scarce and 
coordinates the increase in hepatic glucose pro¬ 
duction [52], Food restriction also increases 
SIRT-1 in hypothalamic areas involved in energy 
metabolism [53]. They also showed that SIRT-1 
upregulates the hypocretin-2 receptor. Putting 
this together, it would appear that reduction in 
glucose may cause arousal by activating the 
hypocretin neurons. The intracellular signal 
involving SIRT-1 upregulates the hypocretin-2 


receptor, thereby strengthening the link between 
the hypocretin ligand and its receptor. This then 
enables the animal to have the proper locomotor 
ability to forage for food. Failure of this link, 
either through loss of the ligand or the hypocre¬ 
tin-2 receptor, causes inadvertent collapse of 
motor control as in narcolepsy. 

Basal Forebrain and Acetylcholine 

Acetylcholine was one of the first neurotransmit¬ 
ters linked to arousal. Acetylcholine is released in 
the cortex during waking and REM sleep [54-57]. 
The cholinergic neurons in the basal forebrain are 
the source of the acetylcholine release in the cor¬ 
tex because when these neurons are lesioned 
there is a decrease in cortical acetylcholine levels 
[58]. The release of acetylcholine is evident in the 
wake-active hemisphere even in mammals that 
display uni-hemispheric sleep [59]. 

Hypocretin neurons can drive the BF cholin¬ 
ergic neurons. A direct effect of hypocretin-1 on 
the BF cholinergic neurons has been shown [60]. 
Hypocretin depolarizes BF cholinergic neurons 
via the hypocretin type 2 receptor. Moreover, 
administration of hypocretin-1 into the BF via 
reverse microdialysis produces a dose-dependent 
increase in acetylcholine in the prefrontal cortex 
[61]. In that study, when the hypocretin-1 was 
applied to the prefrontal cortex no change in ace¬ 
tylcholine was observed indicating that the 
release was from the BF cholinergic neurons. 

Infusion of hypocretin to the BF induces 
wakefulness [62, 63]. The wakefulness is pro¬ 
duced even in rats with lesions of the cholinergic 
neurons in the BF indicating that hypocretin 
receptors on the noncholinergic neurons can drive 
wakefulness [64], These wake-active noncholin¬ 
ergic neurons might be GABAergic innervating 
cortical GABA interneurons and may cause 
arousal through disinhibition [65]. 

The BF also contains sleep-active neurons, 
some of which contain neuropeptide Y [66]. 
These sleep-active neurons would be disinhibited 
when the wake-active BF neurons become silent 
[67]. The GABAergic neurons increase activity 
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in conjunction with cortical slow waves [68]. 
They project to the cortex [69] and to the 
posterior lateral hypothalamus where the hypo- 
cretin neurons are located. Their activity would 
suppress activity of the hypocretin wake-active 
neurons and promote sleep. 

Hypocretin neurons are active only during 
wake [34], and we hypothesize that their activa¬ 
tion would drive downstream targets such as the 
BF neurons, which release acetylcholine into the 
cortex and facilitate cognitive function. In our 
model, the BF is not regulating daily levels of 
waking as traditionally hypothesized, but instead 
its activation during waking is important for 
memory and cognitive functions. Thus, we 
hypothesize that one important function of the 
BF neurons is to rapidly mobilize cognitive func¬ 
tion when one is awakened from sleep. In other 
words, it is important to be cognitively aware of 
one’s surrounding upon awakening from sleep. 


The Tuberomammillary Nucleus 
and Histamine 

In the brain, histamine neurons are located exclu¬ 
sively in the TMN [70], Histamine has a potent 
arousal effect, and antihistamines produce drows¬ 
iness and sedation. Histamine microinjections 
into projection sites such as the basal forebrain 
produce a dose-dependent increase in wake [71]. 
When histamine synthesis in the preoptic area is 
blocked, sleep increases and wakefulness 
decreases [71]. Histamine HI and H2 receptors 
are postulated to mediate the arousal [71]. 

Since histamine produces arousal, it is reason¬ 
able that histamine neurons should be active dur¬ 
ing waking. Electrophysiology studies have 
found that histamine neurons in the TMN region 
have the highest discharge rate during waking 
and are virtually silent during sleep [72], In nar¬ 
coleptic canines, TMN neurons are also active 
only during waking and silent during sleep [73], 

The hypocretin neurons innervate the TMN 
and the hypocretin-2 receptor is heavily expressed 
on these neurons [74]. Hypocretin stimulates 
identified histamine neurons [75]. However, there 
does not appear to be a reciprocal histamine/ 


TMN projection to the hypocretin neurons [76], 
nor is there a direct effect of histamine on 
identified hypocretin neurons [77]. This suggests 
that histamine neurons in the TMN are driven 
by the hypocretin neurons. The histaminergic 
neurons would then activate the cortex directly 
via their widespread hypothalamo-cortical pro¬ 
jections or, indirectly, by stimulating the basal 
forebrain cholinergic system. The net effect of 
the hypocretin-TMN stimulation would be to 
arouse the cortex. 


The Locus Coeruleus 
and Norepinephrine 

The LC contains primarily norepinephrine 
neurons that innervate virtually the entire brain 
and spinal cord. Electrophysiology studies have 
found that the noradrenergic LC neurons are most 
active during waking, less active during non- 
REM sleep, and they stop firing during REM 
sleep [78, 79]. The LC receives an especially 
heavy innervation of hypocretin fibers [80] but 
surprisingly, the LC does not project to the hypo¬ 
cretin neurons [76]. LC neurons contain primar¬ 
ily the hypocretin-1 receptor [81]. Hypocretin 
excites LC neurons and potently increases 
waking and decreases REM sleep [82, 83]. 


Serotonin (5-Hydroxytryptamine) 

Serotonin neurons are localized in the raphe. 
These neurons are most active in waking, less 
active during non-REM sleep, and virtually silent 
during REM sleep [84], Thus, these neurons 
behave very much like the orexin, histamine and 
LC neurons, in that they are all wake-active. 
Serotonin exerts its actions via seven distinct 
receptors (5-HT 1-7), which are G protein- 
coupled receptors, except 5-HT-3 which is a 
ligand-gated ion channel. Some of these recep¬ 
tors also have distinct subtypes. Through these 
receptors, serotonin can act as both an activator 
and an inhibitor. 

Sleep has been examined in specific serotonin 
receptor knockout mice [85]. 5-HT1A and 
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5HT1B receptor knockout mice have more REM 
sleep compared to wild-type mice, and there is no 
REM sleep rebound after REM sleep deprivation 
[86, 87], 5HT1A and IB receptor agonists block 
REM sleep whereas the antagonists increase it. 
These effects are absent in the respective receptor 
knockouts. These effects can be explained 
because stimulation of the 5HT1A or IB receptor 
hyperpolarizes the neuron and loss or antagonism 
of these receptors produces disinhibition of the 
REM sleep generator neurons. This was clearly 
demonstrated in a study that monitored the activ¬ 
ity of individual REM sleep generator neurons in 
response to local pharmacological stimulation. 
It was found that administration of 8-OH-DPAT, 
a selective 5HT1A agonist via reverse microdi¬ 
alysis into the pontine region in rats decreased 
REM sleep by blocking the activity of REM 
sleep generator neurons in the pontine tegmen¬ 
tum [88]. This may also explain how selective 
serotonin reuptake inhibitors (SSRIs) decrease 
REM sleep. 

5-HT2 receptor stimulation depolarizes neu¬ 
rons. 5-HT2A [89] or 2C [90] receptor knockouts 
are awake more and sleep less. 5-HT2A antago¬ 
nists such as MDL100907 (0.1, 1.0, and 3.0 mg/ 
kg IP) increase non-REM sleep and delta power 
without affecting REM sleep [91]. Ritanserine, a 
broad spectrum antagonist of the 5-HT2 receptor, 
also increases non-REM sleep [92] . 5HT6 recep¬ 
tor stimulation depolarizes neurons but the effects 
on non-REM sleep of the antagonist, R04368554 
have been mixed at the highest dose tested 
(10 mg/kg, IP). One study [91] found increased 
non-REM sleep at night whereas another study 
found no effect [93], 

With respect to feeding, exogenous 5-HT or 
drugs that stimulate serotonin signaling decrease 
food intake while drags that antagonize serotonin 
receptor signaling increase food intake. In this 
regard, D-fenfluramine and phenetermine, which 
release serotonin produce significant weight loss. 
These compounds were withdrawn following a 
number of cases of pulmonary hypertension and 
cardiac valvulopathy. Another compound that 
produces significant weight loss is sibutramine. It 
acts by increasing noradrenaline and serotonin 
levels in the hypothalamus, nucleus accumbens 


and the brainstem, all regions associated with 
energy homeostasis. 

Specific serotonin receptors are being targeted 
for weight loss. For instance, administration of 
agonists specific to the 5-HT1A receptor increases 
feeding, whereas agonists specific for the 5-HT IB 
and 5-HT1C receptors decrease food intake. 
Selective stimulation of the 5-HT2C receptor 
decreases food intake and body weight in both 
lean and obese rodents. These agonists may exert 
their hypophagic actions via stimulation of recep¬ 
tors located on POMC containing neurons within 
the arcuate (ARC) nucleus. Mice lacking the 
5-HT2C receptor are hyperphagic and weigh 
more. Selective reintroduction of 5-HT2C recep¬ 
tors on POMC containing neurons rescues the 
obese phenotype [94-96], The 5-HT6 receptor is 
also a potential target for the treatment of obesity 
[97] since knockout mice do not gain weight 
when placed on a high-fat diet and the 5-HT6 
receptor antagonist, RO 04-6790, significantly 
reduces weight [98], 


Neurons Regulating REM Sleep 

Converging data from a variety of studies indi¬ 
cates that REM sleep originates from the pons 
(summarized in [99]). Neurons that are selec¬ 
tively active during REM sleep and that are likely 
to generate REM sleep are present in the pons. 
Using c-FOS we have found that some of the 
cholinergic neurons in the LDT and pedunculo- 
pontine tegmental (PPT) nuclei of the pons are 
REM sleep-on neurons [100], These REM sleep- 
on neurons are inhibited by GABA neurons 
located in regions of the pons that we refer to as 
pontine areas inhibiting REM sleep (PAIRS) [3]. 
One group of these GABAergic neurons resides 
in the sublateral dorsal tegmental area (just ven¬ 
tral to the LC) and an additional group resides in 
the ventral lateral periaqueductal gray (vlPAG). 

HCRT and other wake-active neurons (such as 
the LC, serotonin, histamine) activate the pontine 
GABAergic neurons, which then block the REM 
sleep-on neurons [101]. If this is the case, then 
lesion of these pontine GABA neurons should 
increase REM sleep, which it does. For instance, 
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HCRT2-saporin-induced lesions of these neurons 
potently increase REM sleep in both rats [4] and 
mice [3]. During wake, these pontine GABAergic 
neurons would be activated and levels of GABA 
should be high in the pons, which is the case 
[102], When the hypocretin neurons are silent, or 
destroyed as in narcolepsy, then the pontine 
GABA neurons do not fire effectively which then 
allows the REM-on neurons to become disinhib- 
ited. Mice and rats that lack hypocretin enter into 
REM sleep often (for review see [76]). Canines 
with a mutation of the hypocretin-2 receptor also 
have abnormal onset of REM sleep. 


Night-Eating Syndrome 

This is a syndrome occurring more often in obese 
individuals where the individual consumes most 
of their food from late in the evening into the 
early hours of the morning [103]. In 1955, 
Stunkard observed such an eating pattern in 64% 
of a group of very obese females and established 
criteria for night eating syndrome (NES) which 
included nocturnal hyperphagia, insomnia, and 
morning anorexia [104], Recent evidence has 
indicated that patients with NES display a delayed 
circadian pattern of food intake but retain a nor¬ 
mal sleep-wake cycle. A comparative study on 
the eating and sleep-wake patterns of persons 
with NES with those of matched control subjects 
found no difference between the total energy 
intake, but the pattern of energy intake was dif¬ 
ferent [105], Food intake after the evening meal, 
as a proportion of the 24-h intake was more than 
threefold greater in NES subjects than in con¬ 
trols. NES subjects had sleep onset, offset, and 
total sleep duration times comparable with those 
of controls. NES subjects had more nocturnal 
awakenings than did controls, and their acti- 
graphically monitored arousals occurred earlier 
during sleep. NES subjects consumed food on 
74% of the awakenings vs. 0% for the controls. 
This suggests a phase delay in energy consump¬ 
tion relative to sleep-wake times in NES. 

Another study examined the phase and ampli¬ 
tude of behavioral and neuroendocrine circadian 
rhythms in patients with NES [106], Fifteen 


women with NES (mean age±SD, 40.8 ±8.7 
years) and 14 control subjects (38.6±9.5 years) 
were studied in the laboratory for three nights 
with food intake measured daily. Blood also was 
collected for 25 h (every 2 h from 0800 to 2000 h, 
and then hourly from 2100 to 0900 h) and assayed 
for glucose, insulin, ghrelin, leptin, melatonin, 
cortisol, thyroid-stimulating hormone [TSH], and 
prolactin. Control subjects displayed normal 
phases and amplitudes for all circadian rhythms. 
In contrast, patients with NES showed a phase 
delay in the timing of meals, and delayed circa¬ 
dian rhythms for total caloric, fat, and carbohy¬ 
drate intake. In addition, phase delays of 1.0-2.8 h 
were found in two food-regulatory rhythms— 
leptin and insulin—and in the circadian rhythm 
of melatonin (with a trend for a delay in the circa¬ 
dian rhythm of cortisol). In contrast, circulating 
levels of ghrelin, the primary hormone that stim¬ 
ulates food intake, were phase advanced by 5.2 h. 
The glucose rhythm showed an inverted circadian 
pattern. Patients with NES also showed reduced 
amplitudes in the circadian rhythms of food 
intake, cortisol, ghrelin, and insulin, but increased 
TSH amplitude. Thus, patients with NES demon¬ 
strated significant changes in the timing and 
amplitude of various behavioral and physiologi¬ 
cal circadian markers involved in energy metabo¬ 
lism [106, 107], 

A neuroimaging study found elevated brain 
serotonin transporter binding in the midbrain of 
individuals with NES. Administration of SSRIs 
restored the circadian rhythm of both food intake 
and neuroendocrine function [108]. 


Hypocretin and Obstructive 
Sleep Apnea 

Obstructive sleep apnea (OSA) is a disorder in 
which during sleep the upper airway collapses 
and airflow is interrupted, which then forces the 
individual to awaken and resume breathing. As a 
result of the cessation of breathing during sleep, 
the individual is not able to maintain long bouts 
of sleep and fails to enter into the deeper stages of 
sleep, i.e., stages 3 and 4. Obesity is a risk factor 
in that fatty deposits in the upper airway produce 
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a narrowing of the upper airway, which then leads 
to cessation of airflow during sleep. OSA among 
obese patients exceeds 30%, reaching as high as 
50-98% in the morbidly obese population. 

Obese patients have an increase in leptin lev¬ 
els [109, 110]. Although leptin is considered to 
be a satiety signal to stop eating, it is not clear 
why the increased leptin levels in obese individu¬ 
als do not stop food intake. It has been suggested 
that hyperleptinemia may be an indicator of OSA 
(If 1], Treatment of OSA with nasal CPAP (con¬ 
tinuous positive airway pressure) does decrease 
levels of leptin [112]. 

Ghrelin stimulates appetite and ghrelin levels 
are higher in patients with OSA compared to 
BMI-matched (body matched index) control sub¬ 
jects [113], Continuous positive airway pressure 
(CPAP) treatment of 2 days does significantly 
reduce ghrelin levels in OSA patients [114]. The 
appetite-stimulating effects of ghrelin may well 
contribute to increased caloric intake and weight 
gain in patients with OSA. 

The elevated levels of both leptin and ghrelin 
in OSA suggests that in OSA the feedback regu¬ 
latory process that controls food intake has been 
compromised. One possibility is that the increased 
sleep fragmentation in these patients produces a 
sleep loss, which increases energy metabolism. 
As a consequence, the individual eats more, but 
this may only serve to occlude the upper airway 
further, leading to more sleep loss. As such a 
vicious cycle of sleep loss and increased food 
intake may be occurring in these patients. OSA 
may be associated with resistance to the weight 
reducing effects of leptin [115, 116], which 
may in turn result in increased appetite and 
weight gain. 

Recent data show that hypocretin is involved 
in the control of upper airway patency [117]. 
Hypocretin neurons project to respiratory centers 
in the brainstem, which express hypocretin recep¬ 
tors, and where injection of hypocretin stimulates 
breathing [118]. In hypocretin knockout mice, 
there is a 50% reduction in C0 0 -induced increases 
in breathing and these mice have more spontane¬ 
ous sleep apneas [119, 120]. In wild-type mice, 
inhalation of C0 2 increases activity of hypocretin 
neurons as determined by c-FOS labeling [121], 


In vitro studies have found increased activity of 
identified hypocretin neurons in response to acid¬ 
ity [122], 

Hypocretin levels have been measured in OSA 
but with mixed results. One study reported a pos¬ 
itive correlation between an apnea-hypopnea 
index and hypocretin levels [123], whereas 
another study found that the levels were low in 
OSA [124], Levels of histamine have been mea¬ 
sured in OSA and not different from controls 
indicating that CSF histamine is a biomarker 
reflecting the degree of hypersomnia of central 
origin [125], 


Conclusion 

A distributed network of neurons from the preop¬ 
tic area to the pons is responsible for generating 
waking, non-REM sleep, and REM sleep. The 
discovery of hypocretin, its link with waking 
and the fact that these neurons are located in 
the part of the brain that also regulates energy 
metabolism, provides a way to understand disor¬ 
ders where the major symptoms are feeding 
disturbance, loss of sexual drive, abnormality 
in endocrine rhythms, hypersomnia, and short 
REM sleep latency. As we noted in the review, 
receptors that regulate appetite are found on 
neurons that generate sleep and wakefulness. 
As such, pharmacological agents that curb 
appetite are likely to also impact sleep and 
wakefulness. 
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Abstract 

Rates of obesity are increasing worldwide and pose a significant threat to 
individual health and to health-care systems. The natural drive to eat, com¬ 
bined with a surplus of readily available food, is together partly responsi¬ 
ble for this modem epidemic. Recent research has better defined the 
molecular and neural mechanisms by which the brain regulates food 
intake. While much of this research focused on the hypothalamus, it has 
long been recognized that reward pathways have an important role in food 
intake. Here, an overview of the role of dopamine reward systems in regu¬ 
lating food intake is presented, with emphasis on regulation by peripheral 
metabolic signals. Moreover, there are emerging results that better connect 
regulation of sleep and reward circuits. The orexin (hypocretin) neuropep¬ 
tide is an example of this and work on its role in addiction is also highlighted 
in this chapter. 
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The acquisition of food requires a complex array 
of behaviors, including motivation, goal-directed 
behavior, motor control, and the recognition of 
rewarding stimuli. Dopamine-containing brain 
systems have been implicated in these behavioral 
processes, as best studied in dmg addiction. 
Reward is intimately involved with projections of 
dopamine-containing neurons in the midbrain to 
the ventral striatum (or nucleus accumbens, 
NAc), cortex, and subcortical nuclei [1]. Similarly, 
it has been proposed that dopamine mediates the 
motivational and rewarding aspects of food seek¬ 
ing via specific dopaminergic projections from 
the ventral tegmental area (VTA) to the NAc (the 
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“mesolimbic” projection), and that dysfunction 
of reward processing may contribute to the patho¬ 
genesis of obesity [2], 

One approach to determine the role of brain 
regions in feeding is to assess food intake follow¬ 
ing lesions or genetic mutations. For example, 
lesions of the lateral hypothalamus cause dra¬ 
matic losses in body weight [3], while stimulat¬ 
ing the lateral hypothalamus causes an increase 
in food intake [4], Based on the results from these 
early studies, most mechanistic and molecular 
work has focused on the hypothalamus, where 
peripheral signals can influence the brain. More 
recently, genetic studies have revealed that obese 
(ob/ob) mice lacking a functional version of lep- 
tin, an adipocyte-derived hormone, have increased 
feeding and dramatic weight gain [5, 6]. Work on 
leptin has traditionally focused on the hypothala¬ 
mus but is now being recognized as acting in 
multiple brain regions. Moreover, while hypotha¬ 
lamic lesions produce the most dramatic effects 
on feeding and weight, manipulations of other 
regions has been shown to influence food intake. 
For example, neurochemical disruptions in the 
NAc can influence food intake [7], and it is likely 
that food intake involves a diverse neuronal 
ensemble that engages a number of extrahypotha- 
lamic brain areas. 


Disrupting Dopamine and Feeding 

Mesolimbic circuits have been implicated in 
many behaviors, such as reward prediction, hedo- 
nia, reinforcement and motivation. It seems that 
such processes would be intimately involved in 
regulating food intake [2], If dopaminergic 
mesolimbic circuitry is necessary for feeding, 
then dismpting dopamine in the mesolimbic sys¬ 
tem should affect intake. This work and chal¬ 
lenges in interpreting it are discussed below. 

The hypothesis that midbrain dopamine pro¬ 
vides a specific motivation to eat is based on 
dopamine neuron depletion studies using the 
neurotoxin 6-hydroxydopamine, which irrevers¬ 
ibly depletes catecholamines (including dop¬ 
amine) and eventually leads to neuronal 
degeneration [8], Intraventricular administration 


of 6-hydroxydopamine impairs free feeding and 
decreases body weight [9,10], Interestingly, dop¬ 
amine neuron depleted rats gradually recover the 
ability to eat and drink despite a permanent deple¬ 
tion of dopamine from central dopaminergic 
nuclei [11], In addition, systemic dopamine 
blockade can block feeding elicited by electrical 
stimulation of the lateral hypothalamus [12], 
Some investigators have described intact move¬ 
ment in these animals [13], but no movement 
controls were reported in original studies [9]. 
Peripheral dopamine blockade also can disrupt 
feeding elicited via hunger [14—17], and this 
work was influential in bringing attention to the 
role of dopamine neural systems in feeding 
behavior. However, as reviewed below, effects 
on feeding due to specific dopamine receptor 
antagonists in the NAc have not produced as 
dramatic results. 

Dopamine’s role in feeding was further 
advanced by a unique genetic form of animals in 
which tyrosine hydroxylase is removed [18, 19]. 
These animals cannot synthesize dopamine, have 
dramatically decreased eating and drinking, 
and only survive a few weeks after birth. However, 
dopamine replenishment (via injections of 
L-DOPA,3,4-dihydroxy-L-phenylalanine; a pre¬ 
cursor of dopamine synthesis converted from 
L-tyrosine) enable temporary survival and analy¬ 
sis of animals lacking detectable dopamine. 
While these animals are hypophagic, they also 
exhibit clear deficits in movement. Subsequent 
experiments suggested that dopamine-deficient 
animals can exhibit preferences for sucrose [20], 
raising the possibility that preference and reward- 
related decisions are possible without dopamine. 
Taken together, studies in which dopaminergic 
transmission is disrupted point to a clear role for 
dopamine in feeding. 

Experiments exploring the role of VTA dop¬ 
amine in feeding suggest that mesolimbic dop¬ 
amine influences, but is not necessary for, feeding 
behavior. Initial studies that depleted dopamine 
neurons in the VTA [21] reported no effect on 
body weight despite changes locomotor activity 
and deficits in passive-avoidance behavior. 
While VTA dopamine neuron depletions can 
influence a wide range of behaviors, such as drug 
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self-administration, perseveration, and memory, 
no data suggest that mesolimbic dopamine 
neuron depletions selectively impact feeding. 
However, negative data in dopamine neuron 
depletion experiments are difficult to interpret, as 
small amounts of residual dopamine function may 
be sufficient for critical feeding-related signals. 
As reviewed below, some studies suggest that 
general lesions in the region do affect food intake. 
Moreover, more specific pharmacological or viral 
manipulation of neurons in the VTA can result in 
changes in food intake. This approach, which 
modulates specific populations of VTA neurons, 
has demonstrated clear effects on feeding behavior 
[22-24], in contrast to the negative data seen with 
traditional lesion strategies. 

Supporting a role for the VTA in feeding is 
extensive literature establishing dopamine release 
in the NAc during feeding. These data derive 
chiefly from microdialysis studies, in which 
changes in extracellular dopamine and break¬ 
down products are seen in the NAc in response to 
both feeding and hypothalamic stimulation [25], 
Food anticipation corresponds with dopamine 
release in the shell, whereas food stimuli promote 
dopamine release in the core [26], Voltammetry 
studies, which detect changes in dopamine efflux 
with high temporal resolution, reported rapid 
dopamine release (<100 ms) in response to food 
cues and food seeking behavior [27]. 

In-vivo recordings also suggest that mesolimbic 
dopaminergic neurons are modulated in pursuit 
of food rewards. Such experiments are difficult to 
interpret outside of specific behavioral conditions 
making it challenging to study free-feeding in 
detail. However, the work of Wolfram Schultz 
and colleagues has shed light on the activity of 
VTA dopaminergic neurons in behavior [28-30], 
These studies evaluated nonhuman primate dop¬ 
aminergic VTA neurons and reported phasic 
modulations in activity following liquid or food 
rewards [28], Food rewards also change activity in 
midbrain dopaminergic neurons in rodents [31], 
Increases in activity are seen in response to 
stimuli that predict rewards, while decreases in 
activity are observed when rewards are omitted 
[32]. Dopaminergic neurons increase in firing rate 
when an animal contacts food and when liquid 


reward is administered to the animal outside of a 
behavioral context. Such neurons respond primar¬ 
ily to novel rewards, and when outcomes are unex¬ 
pected. These data have led to the hypothesis that 
dopamine neurons in the midbrain encode reward 
prediction errors [28-30]. The experiments sug¬ 
gest that mesolimbic dopamine neuron response is 
more consistent with a limited role free feeding 
and a potentially greater role in signaling unex¬ 
pected reward, cue associations, or reward valence. 
This is also consistent with the finding that novel 
or unexpected food causes more dopamine release 
in the NAc shell [26], 


The Nucleus Accumbens 
and Food Intake 

The NAc is the major target of VTA dopamine 
neurons, and the region plays an important role 
in drug addiction. However, blockade of dopamine 
in the NAc does not reduce the amount of food 
consumed in a free-feeding paradigm [20, 33]. 
Previous data with the dopamine-deficient genetic 
models suggests a role for striatal dopamine in 
food intake and NAc in locomotor function 

[34] , Another study elegantly rescued midbrain 
dopamine in dopamine-deficient genetic models 

[35] , resulting in normalized locomotor behav¬ 
ior but only partially normalized food intake. 
Taken together, these studies implicate both the 
dorsal and ventral striatum (NAc) in controlling 
food intake. However, while pharmacological 
studies have shown little effect of D1 receptor 
antagonism on ad libitum food intake [33], D1 
receptor antagonists do result in attenuation of 
operant performance under high workloads (i.e., 
many lever presses required to obtain food) [36, 
37]. Indeed, dopamine in the NAc is necessary 
for seeking and exerting effort to obtain food, but 
may not be required for intake under free feeding, 
or other low effort, conditions. Other studies sug¬ 
gest additional roles for NAc dopamine, some of 
which could be relevant to excessive food intake. 
For example, intra-NAc amphetamine increases 
the seeking of sucrose in response to a condi¬ 
tioned cue [38], and dopamine in the NAc drives 
behavioral responses to cues that predict reward 
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[39]. These data have provoked discussion beyond 
the scope of this chapter about what dopamine 
does and how important it is for food reward [1, 
40,41], 

While there are many ways to evaluate the 
importance of molecular pathways in biology, 
another approach is to look for regulation under 
different physiological states. For example, vol¬ 
tammetry experiments have revealed peaks in 
dopamine release during lever pressing and food 
seeking with a return to baseline after food inges¬ 
tion [27], consistent with a potential function at 
different points of the behavior. The recent devel¬ 
opment of optogenetic techniques for stimulation 
of selected neuronal populations will likely 
enable higher resolution tests of behavior in these 
timescales. 


Leptin: A Link Between the Body 
and the Brain 

The greatest progress in the field has come from 
the identification of metabolic signals that 
influence brain function. While peripheral signals 
that communicate metabolic state, such as insu¬ 
lin, had already been isolated and well character¬ 
ized, the cloning of the mouse obese ( ob ) mutation 
initiated a new stage of feeding research. The gene 
product mutated in ob/ob mice was shown to be a 
small protein expressed in adipocytes and was 
given the name leptin [42], Genetic and molecu¬ 
lar studies, including the identification of the lep¬ 
tin receptor (lepr) [43, 44], confirmed the 
importance of the hypothalamus in regulating 
feeding behavior and metabolism, and suggest 
that it is a primary site of action for circulating 
factors. Additional work has led to a neuronal 
hypothesis whereby lepr activity inhibits the 
orexigenic while exciting the anorexigenic neu¬ 
rons within the arcuate nucleus [45], 

While the isolation of critical peripheral meta¬ 
bolic signals has invigorated the field of feeding 
research, the mechanism by which leptin acts on 
brain circuitry to alter animal behavior remains 
only partly understood. Current work in the field 
is mainly focused on identifying which second 
order feeding centers, such as the paraventricular 
nucleus (PVN) or lateral hypothalamus (LH), are 


important for mediating leptin responses down¬ 
stream of the arcuate nucleus. However, it is not 
clear which neural circuits are modified to result 
in a change in the motivation to seek food. 
Strikingly, cortico-striatal circuits integral for 
motivated behavior and inhibitory control have 
not been well integrated with metabolic hor¬ 
mones that are known to influence food intake. 
Food intake is a complex behavior that is clearly 
influenced by many nonhomeostatic mechanisms. 
It seems likely that leptin-initiated signaling 
circuits eventually converge with circuits that 
regulate reward and motivation, including the 
dopamine circuits and cortico-striatal pathways. 

Administration of leptin has been shown to 
modulate behaviors that are dependent upon the 
mesolimbic dopamine circuit. For example, leptin 
administration alters intracranial self-stimulation 
(ICSS) [46], suggesting an interaction with 
dopamine circuits that are thought to underlie 
the behavior. Other data have demonstrated that 
leptin attenuates the increased propensity to her¬ 
oin relapse caused by food restriction [47], and 
modulates conditioned place preference (CPP) 
for sucrose or high fat food [48, 49], These data 
suggest that leptin can modify reward-based 
behavior and that this may occur via alteration in 
the function of dopamine pathways [50]. While 
this interaction with dopamine pathways could 
occur downstream from leptin’s effects on the 
hypothalamus, data also suggest direct action of 
leptin on dopamine centers of the brain. 


The VTA as a Novel Target for Leptin 

While many studies have investigated leptin sig¬ 
naling in the hypothalamus, recent evidence sug¬ 
gests that leptin communicates directly to many 
other brain regions. There is extensive lepr 
expression in extrahypothalamic brain regions 
including the hippocampus, cortex, and the mid¬ 
brain [51]. Grill and colleagues have shown that 
leptin targets in the brainstem are important for 
controlling food intake [52], indicating that lep- 
tin’s effects could be mediated via direct signal¬ 
ing to regions beyond the hypothalamus. The 
lepr is expressed in most dopamine neurons of 
the VTA [53], and plays a role in regulation of 
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VTA neuronal function and feeding behavior 
[23]. Interestingly, other work showed that leptin 
administration can modify responses to psycho¬ 
stimulants [54], suggesting implications for drug 
addiction. The work also demonstrated that the 
VTA neurons are responsive to leptin and that 
ob/ob mice without leptin have attenuated 
amphetamine sensitization, which is reversed 
with leptin administration [54], While both 
papers establish effects of leptin in the VTA, the 
Fulton et al. study demonstrates that genetic loss 
of leptin results in attenuated mesolimbic func¬ 
tion, while Hommel et al. suggest that leptin 
directly attenuates activity of dopamine neurons. 
A possible explanation for these contrasting data 
is that acute and chronic leptin may have distinct 
effects on VTA dopamine neurons. The ob/ob 
mutant mice could have altered dopamine neu¬ 
ron synaptic structure or function that was effec¬ 
tively reversed by the long-term (10 days) leptin 
treatment [54], Leptin has been shown to be crit¬ 
ical for normal development of hypothalamic 
neuronal projections [55], and leptin administra¬ 
tion can result in dramatic rearrangement of syn¬ 
apses [56]. Whereas the acute suppression of 
dopamine neuron function is consistent with pre¬ 
vious data demonstrating reduced dopamine 
release [57] and attenuated dopamine-dependent 
behaviors [46—49] following leptin administra¬ 
tion. A recent fMRI study also shows that leptin 
deficient people demonstrate hyperactivated 
ventral striatal regions in response to food 
images. Leptin administration suppressed this 
hyperactivity while also leading to reduced pref¬ 
erence ratings of the images [58]. Finally, the 
hormone ghrelin activates VTA dopamine neu¬ 
rons [59], suggesting opposite regulation by 
orexigenic factors and the idea that the midbrain 
integrates a larger set of metabolic signals. 

It should also be emphasized that there likely 
exists a number of potential mechanisms by 
which leptin modulates dopamine neurons lead¬ 
ing to changes in animal behavior. In fact, earlier 
studies demonstrated that leptin can have oppos¬ 
ing effects on reinforcement depending upon the 
specific brain circuits being stimulated [46], 
More generally, dopamine modulation of the 
midbrain may influence a number of brain areas, 
with potentially contrasting effects on behavior. 


While VTA dopamine neurons prominently proj¬ 
ect to the NAc, the VTA also projects to the pre¬ 
frontal cortex. This circuit might in turn influence 
drug addiction and related behavior via action on 
the NAc. Other projections, such as those to the 
amygdala, could also influence reward-related 
behavior. The lepr is also expressed in the sub¬ 
stantia nigra, which would likely influence the 
dorsal striatum. Finally, a more recent study sug¬ 
gests that dopamine neurons with unconventional 
firing properties may influence many of these 
regions and deserve further study [60]. 

Direct action of leptin on dopamine circuits 
has profound implications for both feeding and 
addiction research, as it provides a molecular 
and neuronal mechanism for how the state of the 
body may modulate the drive to eat. Moreover, 
this direct connection to peripheral signals places 
the mesolimbic system within a larger physiologi¬ 
cal framework of eating regulation. As noted 
above, other results have shown that additional 
metabolic factors, such as insulin [53, 61] and 
ghrelin [24,59], appear to act on the VTA to mod¬ 
ulate neuron function or food intake and reward. 
Thus, as with the hypothalamus and brain stem, 
midbrain regions could be considered a region for 
integration of peripheral metabolic signals. 

The full behavioral consequences of metabolic 
hormones acting on dopamine neurons will 
require more work to appreciate. Imaging data 
suggesting that obese patients resemble drug 
addicts [62] has been influential and motivated 
attempts to better connect the animal models and 
human studies. At this point, it is even more criti¬ 
cal that we fully describe the molecular and neu¬ 
ral players so that the findings from animal studies 
can be better connected to the human conditions. 


Nondopamine Signaling 
in the Nucleus Accumbens 
and Hedonic Responses 

The VTA dopamine neurons show prominent 
projections to NAc, which has been well studied 
for its role in drug responses and drug addiction 
[63], Because of this, it is often assumed that 
this pathway will influence food intake via the 
“pleasure” of ingesting palatable food. However, 
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Fig-4.1 Schematic representation of the orexin system 
and its interactions with the dopamineic reward pathways. 
Orexin projections activate the ventral tegmental area 
(VTA), amygdala (Amy), and prefrontal cortex (PFC). 
Conflicting data suggest both activation and inhibition 
of the nucleus accumhens (NAc) by orexin. In the VTA, 

animal model data suggest that the mesolimbic 
reward centers may influence both hedonic 
(related to pleasure) and nonhedonic behaviors. 
A large set of studies in the NAc has shown a role 
for glutamate, GABA, and opioids in regulation 
of food intake. While p-opioid receptor agonists 
lead to a selective increase in intake of highly pal¬ 
atable food [64], glutamate antagonists and 
GABA agonists lead to an increase in overall food 
intake [65, 66], As with GABA and glutamate, it 
does not appear that NAc dopamine, or dopamine 
in general, influences hedonic responses or “lik¬ 
ing” of food [38, 67], In fact, this is a core com¬ 
ponent of the incentive-sensitization theory of 
addiction, where liking and wanting are disso¬ 
ciable with dopamine playing a role in the latter 
[68], It is also notable that infusion of p-opioid 
agonists into the NAc shell dramatically increases 
the effort, assessed by lever pressing, that animals 
will make to obtain food [69], suggesting that 
opioids in the NAc can modulate multiple com¬ 
ponents of behavior relevant to food intake. 
Opioid microinfusion studies have suggested that 
a small region of the NAc shell mediates this 
enhancement of hedonic “liking,” whereas a 
larger area of the shell mediates general feeding 
responses [70]. 

In all, these data suggest that a central role of 
the NAc shell is of a behavioral switch whereby 


orexin activates both dopamine and GABA neurons. 
Orexin activation of the VTA, via Oxlr, results in 
increased dopamine (DA) in via projections to the NAc 
and PFC. Orexin’s action in the PFC is likely due to stim¬ 
ulation of Oxlr whereas Ox2r may mediate effects in 
the NAc. 

silencing of the local neurons would allow feed¬ 
ing to occur without clear effects on hedonic 
components [71]. While the studies have relied 
on relatively blunt pharmacological approaches, 
in vivo recordings support this model since 
most NAc neurons are inhibited before food 
intake [72, 73]. Interestingly, the lateral hypo¬ 
thalamic peptide MCH also promotes general 
food intake [74], and appears to inhibit neurons 
of the NAc [75], 


Orexin, Sleep, and Drug Addiction 

The hypothalamic neuropeptide orexin, also 
called hypocretin, provides an opportune con¬ 
nection between sleep and reward pathways. 
Orexin influences a range of behaviors ranging 
from feeding to sleep and arousal (for details, see 
Chap. 3). While genetic studies in rodents first 
demonstrated a role in narcolepsy (for details, 
see Chap. 3), other work has brought attention to 
the role of orexin in drug addiction. Orexin 
influences many aspects of addiction, including 
drug dependence, reward, and reinstatement. 
Orexin acts through its receptors to influence the 
mesocortical and mesolimbic dopamine path¬ 
ways that are known to underlie responses to 
drugs and the development of addiction (Fig. 4.1). 
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Importantly, orexin may also influence positive 
and negative (stress) states that can influence 
addiction. The orexin neurons project broadly 
and the receptors are widely expressed making it 
challenging to determine the neural circuits that 
are central to these effects. It may be that over¬ 
lapping, or distinct circuits are mediating orex- 
in’s influence on reward/addiction versus arousal/ 
narcolepsy. 


Orexin, Receptors, and Connections 
with Dopamine Circuits 

The orexin peptides, orexin A, and orexin B, are 
derived from proteolytic processing of the pre¬ 
cursor prepro-orexin in hypothalamic neurons of 
the perifornical area (PFA), dorsomedial hypo¬ 
thalamus (DMH), and lateral hypothalamus (LH) 
[76, 77]. Orexin neurons represent a distinct pop¬ 
ulation from MCH-expressing neurons that are 
also localized in the PFA and LH [78], The 
G-protein coupled orexin receptors have differ¬ 
ent selectivity to orexin ligands whereby orexin 1 
receptor (Oxlr) is selective for orexin A whereas 
the orexin 2 receptor (Ox2r) is less selective. The 
Oxlr couples to G while Ox2r is primarily Gy - 
coupled [76], and both Oxlr and Ox2r have been 
found on soma as well as pre- and post-synaptic 
processes [79], 

Most abused drugs increase extracellular DA 
levels at the level of the NAc and adaptation in 
this system is thought to underlie many elements 
of addiction. The orexin system has a number of 
potential connections with this well-studied dop¬ 
amine circuitry. Orexin receptors are broadly 
expressed and the neurons innervate many 
regions, including prominent axonal projections 
to the VTA which expresses orexin receptors [77, 
80, 81]. As with many neuropeptides, it is not 
clear if orexin is released synaptically, extra-syn- 
aptically, or via both mechanisms. While low 
power analysis has shown that orexin terminals 
contact tyrosine-hydroxylase (TH) positive cells 
[81, 82], electron microscopic studies indicated 
that orexin-positive axons infrequently synapse 
onto dopamine and GABA neurons within the 
VTA [83], 


Drugs of Abuse Regulate Orexin 
Neuron Excitation and Gene 
Expression 

c-Fos is noted in orexin neurons following acute 
administration of both methamphetamine [84] and 
amphetamine [81], Amphetamine increases c-Fos 
(a marker of neural activation) expression in neu¬ 
rons specifically in the DMH, but not in neurons 
of the PFA or LH [81]. Acute administration of 
cocaine does not affect either of the orexin recep¬ 
tors [85, 86] or peptide levels [85, 86] and acute 
morphine fails to alter orexin mRNA levels [87]. 

In addition to effects of acute drugs, chronic 
drugs of abuse increase orexin neural activity and 
mRNA levels of orexin and/or its receptors. 
Chronic amphetamine exposure results in 
increased c-Fos expression in orexin neurons [88]. 
In contrast, chronic morphine treatment [87, 89, 
90] and steady-state chronic cocaine [86] fail to 
change orexin mRNA levels or c-Fos expression 
in orexin neurons in the LH. Nonetheless, Ox2r 
levels are increased in the NAc following chronic 
cocaine; a change that persists even months after 
the cessation of cocaine exposure [85], 


Orexin's Effects on Neuronal 
Excitation and Plasticity 
Within the VTA 

Orexin excites both DA and non-DA neurons 
[82, 91] in the VTA. Intra-VTA application of 
orexin results in increased Fos expression in DA 
neurons located specifically in the caudomedial 
portion of the VTA [92], and increases DA in the 
nucleus accumbens shell and medial prefrontal 
cortex [93, 94]. Intra-VTA orexin also results in 
potentiation of NMDA receptor-mediated excit¬ 
atory post-synaptic currents [95] indicating a role 
for orexin in neural plasticity. 

In addition to effects on the midbrain dop¬ 
amine neurons of the VTA, orexin may also 
directly influence the target regions of dopamine 
neurons, such as the NAc and prefrontal cortex. 
Orexin is excitatory in the cortex [96], while 
some reports suggest inhibition [97], and others 
excitation [98] in the NAc. 
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The Role of Orexin in Withdrawal from 
Drugs on Abuse 

The first study establishing a functional role of 
orexin in addiction demonstrated an involvement 
for orexin in morphine withdrawal [89], 
Precipitated morphine withdrawal leads to the 
induction of c AMP response element (CRE) activ¬ 
ity and Fos expression in orexin cells [89, 90], 
The increases in Fos expression were restricted to 
the DMH and PFA, and were not seen in the LH 
orexin neurons [90], Likewise, spontaneous mor¬ 
phine withdrawal increases orexin mRNA in the 
LH [87]. Activation of orexin neurons in response 
to withdrawal appears to be opiate specific and is 
not seen following spontaneous withdrawal after 
chronic cocaine [86]. 

The orexin system appears to be necessary for 
the expression of withdrawal. Treatment with the 
selective Oxlr antagonist SB-334867 prior to 
naloxone-precipitated withdrawal attenuates 
somatic morphine withdrawal symptoms [90], 
The somatic withdrawal intensity correlates with 
cFos expression in the NAc shell, and blockade 
of Oxlr indirectly attenuates NAc cellular activa¬ 
tion [90]. Interestingly, the VTA does not show 
changes in cFos expression in the same animals, 
suggesting a possible VTA-independent mecha¬ 
nism by which orexin alters NAc activity. 


Effects of Orexin on Locomotor 
Response and Sensitization 

Drug-induced hyperlocomotion and behavioral 
sensitization is argued to represent a form of drug 
induced neural plasticity [99] that may contribute 
to dependence and addictive processes. Thus far, 
investigation of orexin’s role in drug hyperloco¬ 
motion and sensitization has been limited and 
conflicted. Orexin knock-out mice show reduced 
locomotor response in response to acute mor¬ 
phine [94], Systemic administration of SB-334867 
does not affect acute cocaine-induced hyperloco¬ 
motion and activity in previously sensitized ani¬ 
mals [95]. However, systemic and intra-VTA 
blockade of Oxlr blocks the development of 


cocaine sensitization [95]. However, recent data 
suggests that SB-334867 treated mice and OKO 
mice respond normally following an acute mor¬ 
phine treatment and no changes in behavioral 
sensitization are seen following chronic mor¬ 
phine administration [100]. 


Orexin in CPP for Drugs of Abuse 

CPP is a widely used paradigm for assessing 
reward-related behavior. An animal is placed in an 
enclosed environment, which is divided into two 
or more distinct compartments, each containing 
distinctive environmental cues that differentiate 
each side. After the animal is allowed to move 
freely among the compartments, it is confined to 
one of the compartments while being presented 
with a rewarding stimulus. The animal forms an 
association between the rewarding stimulus and 
the environmental cues during the conditioning 
session. After the session, when allowed to roam 
freely among the compartments, the animal will 
spend more time in the reward-paired chamber if 
the drug or experience was reinforcing. In the 
CPP test, animals are evaluated in a drug-free 
state and preference is indicative of the rewarding 
effects of the context rather than of the drug itself. 
It is also notable that discrepancy has been 
reported between CPP data and drug self-admin¬ 
istration data [101, 102], Nonetheless, CPP 
remains a useful experimental protocol in the 
investigation of neural mechanisms underlying 
drug addiction. 

Animals that exhibit a preference for an envi¬ 
ronment previously paired with food, morphine, 
or cocaine show increased Fos expression in LH 
orexin neurons [103]. Interestingly, administra¬ 
tion of SB-334867 reduces the expression of 
morphine place preference [100, 103], but not 
cocaine place preference [100], Previous reports 
also suggest a role for orexin in the formation of 
place preference to a morphine-paired environ¬ 
ment. Unilateral lesions of the LH and intra-VTA 
administration of SB-334867 on the contralateral 
side also block the development of morphine 
CPP [104], suggesting that orexin acting in the 
VTA is essential for the development of morphine 
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CPP. A role for the VTA in the expression of 
morphine CPP was also suggested from intra- 
VTA suppression of morphine place preference 
by orexin receptor antagonists [94], 


Orexin in Self-Administration, 
Extinction, and Reinstatement 

Self-administration studies are powerful mea¬ 
sures that best mimic conditions of addiction 
since the subject is controlling the drug delivery 
and drug seeking behavior. SB-334867 adminis¬ 
tration results in decreased self-administration of 
nicotine [105] and alcohol [106], In contrast, 
intracerebroventricular (ICV) administration of 
orexin A [107] or treatment with SB-334867 
[108] fails to affect responding during cocaine 
self-administration. Orexin does play a role in 
drug relapse as modeled in extinction and rein¬ 
statement paradigms. Following self-administra¬ 
tion training, animals continue to lever-press or 
nose-poke, but no drug is delivered following 
previously correct responses until eventually ani¬ 
mals decrease responding (“extinction”). Animals 
are then tested for reinstatement, or relapse, by 
assessing lever pressing after extinction. 
Reinstatement of the extinguished response can 
be induced by presentation of various stimuli, 
including drugs (drug-primed reinstatement) or 
cues paired with the previously active response 
(cue-primed reinstatement). While ICV adminis¬ 
tration of orexin A reinstates extinguished 
responses [107], blockade of orexin suggests a 
more specific role for drug reinstatement. With 
both alcohol [106] and cocaine [108], treatment 
with orexin antagonists fails to affect drug-primed 
reinstatement, but attenuates cue-primed rein¬ 
statement. It is possible that orexin plays a more 
general role in mediating cue- and/or context- 
drug associations. 

Orexin’s involvement in reinstatement of 
extinguished drug seeking may reflect a role in 
mediating stress responses. Stress induced rein¬ 
statement of cocaine self-administration is abol¬ 
ished by previous orexin antagonist SB-334867 
administration [107], These data suggest that 


drug seeking induced by activation of the stress 
pathway depends on orexin. Interestingly, intra- 
VTA antagonists of corticotropin-releasing factor 
(CRF, increased in stress) do not block orexin-A 
induced reinstatement of cocaine-seeking and 
foot-shock stress induced cocaine reinstatement 
is not blocked by VTA orexin antagonism [109], 
suggesting that orexin and CRF have indepen¬ 
dent actions and that blockade of stress induced 
reinstatement by orexin receptor antagonism is 
not mediated by the VTA. It has been proposed 
that distinct populations of hypothalamic neu¬ 
rons mediate orexin’s role in stress and reward 
[103, 110]. 


Orexin and Reward 

The self-administration data thus far suggests a 
role for orexin in the rewarding properties of 
some drugs of abuse. Additional evidence for the 
role of orexin in reward processing comes from 
CPP and cue-induced reinstatement data showing 
that orexin function contributes to drug seeking 
when the rewarding stimulus is no longer pres¬ 
ent. These data are suggestive of a reward com¬ 
ponent but the CPP data more directly suggest 
that processing of environmental cues and drug- 
associated contexts, and drug-seeking induced by 
the presence of such cues, is mediated by the 
orexin system. However, this fails to explain data 
demonstrating that activation of the orexin sys¬ 
tem results in spontaneous reinstatement of an 
extinguished behavioral response. 

In brain stimulation reward (BSR), animals 
lever-press for the delivery of intracranial electri¬ 
cal stimulation and animals will robustly respond 
for stimulation in the LH [111]. Interestingly, 
orexin A administration has been shown to ele¬ 
vate ICSS thresholds, suggesting a paradoxical 
decrease in reward sensitivity [107]. In contrast, 
orexin antagonism (SB-334867) abolishes nico¬ 
tine-mediated reductions in BSR thresholds, sug¬ 
gesting that blockade of Oxlr results in reduced 
sensitivity to reward [105]. Based on these 
findings, it remains inconclusive how the orexin 
mediated alterations in drug self-administration 
are related to reward processing. 
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Orexin and Addiction: Implications 
for Narcolepsy 

It is clear that the orexin system is engaged by 
drugs of abuse and that orexin plays a role in drug 
responses and behaviors relevant to addiction. 
Orexin can alter drug self-administration, drug- 
associated cue processing and reward, and stress 
responses in drag-abstinent and drag-dependent 
animals (somatic withdrawal and reinstatement 
of extinguished drag seeking). Although orexin 
can modulate all of these effects, it is possible 
that they are mediated by specific anatomical 
substrates, and distinct orexin neuronal subpopu¬ 
lations may serve disparate functions. Reward- 
and cue-processing appears to be mediated by 
LH orexin neurons [103, 110] acting in the VTA 
[104], whereas drag-related stress or aversive 
responses may be mediated by DMH and 
PFA orexin neurons acting directly or indirectly 
through other brain regions. Although much evi¬ 
dence supports a role for orexin functioning 
in VTA in reward processing [104, 110], other 
brain regions are likely to be involved, such as 
the basolateral amygdala and the prefrontal 
cortex. 

Orexin has also been shown to mediate sleep 
and arousal processes (for additional details see 
Chap. 3). Canine narcolepsy has been attributed 
to a genetic disruption of the Ox2r gene [112] 
and orexin-deficient mice demonstrate behavioral 
arrests similar to those seen in human narcoleptic 
episodes [113], Are the same neural circuits rel¬ 
evant for drags of abuse and for narcolepsy? One 
possibility is that the neural circuits mediating 
orexin’s effects with drags of abuse are indepen¬ 
dent of those mediating sleep function and narco¬ 
lepsy. Since the orexin axonal projections, and 
receptor expression, is so broad, this seems not 
only possible, but likely. On the other hand, some 
of the pathways implicated in addiction (e.g., 
VTA) would be expected to play a role in orexin’s 
ability to activate behaviors and thus contribute 
to a state of arousal. In fact, orexin itself can 
modulate locomotor activity [82], suggesting a 
general role in this process independent of drags 
of abuse. 


However, it is important to note that compari¬ 
sons between an evolved role for the molecule 
and that molecule’s role under pharmacological 
challenge (drags of abuse) are difficult to make. 
That is, the orexin neuropeptide system likely 
evolved to balance a complex set of animal 
behaviors. As with all neurochemicals and path¬ 
ways that mediate addiction, it may be that drags 
of abuse act via a specific subcomponent of this 
neuropeptide system that otherwise serves to 
integrate arousal, motivation and the formation 
of cue associations. In addition, orexin has been 
implicated in other biological functions such as 
regulation of body temperature and heart rate 
[114], supporting a broader role for the molecule 
in animal physiology. More research is needed to 
elucidate specific neuroanatomical substrates and 
receptor mechanisms of orexin’s role in drag 
dependence and drag addiction. Moreover, more 
analysis of orexin’s role in nondrag rewards (e.g., 
food and sex) will help to more completely describe 
orexin’s influence on a diverse set of motivated and 
reward-related behaviors. For example, while orex¬ 
in’s role in food intake is likely complex, it is clear 
that it can modulate the motivation for food [115], 
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Abstract 

Feeding and energy expenditure are regulated by neuronal circuits of the 
brain. Feeding, by definition, occurs in most mammals during waking 
mandating a tight relationship between systems regulating sleep/wake 
cycles and energy metabolism. This is accomplished not only by neuronal 
interactions between brain regions responsible for these functions, but also 
by sharing intracellular and intercellular signaling modalities. Peripheral 
hormones associated with energy metabolism not only affect the brain 
structures that have been classically associated with endocrine and auto¬ 
nomic functions, but also alter the function of higher brain regions, includ¬ 
ing the hippocampus and cerebral cortex. A better understanding of the 
mechanism of feeding behavior and energy expenditure associated with 
brain structures will also enhance our ability to combat disorders such as 
diabetes and obesity, which are among the most prevalent medical prob¬ 
lems of both developed and developing societies. 


Introduction 


most effective management of metabolism in 
support of survival. Both common sense and the 
experimental data are in agreement with this 
basic assertion [1], Perhaps then, even higher 
brain regions, such as the archio- and neocortex, 
emerged under environmental pressures to sup¬ 
port behaviors that more effectively deal with 
available energy resources. Despite this, most of 
the attention regarding the understanding of 
feeding behavior and brain regulation of energy 
homeostasis has focused on more primitive 
regions of the brain such as the hypothalamus. 
Through the description of the various hypotha¬ 
lamic regions, synaptic plasticity will be dis¬ 
cussed as a potentially fundamental component 
of brain regulation of energy metabolism. 


Feeding, and energy metabolism in general, is the 
corner stone of individual and, consequently, 
species survival. In terms of its significance, 
feeding equals, and by default is upstream, to 
reproductive behavior. It could be argued that the 
purpose behind the emergence and evolution of 
the central nervous system was to promote the 
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Over the last century, a vast number of experi¬ 
mental observations have been collected, particu¬ 
larly within the last decade due to the cloning of 
the product of the ob gene (its mutation causes 
obesity in rodents), leptin. This resulted in a wave 
of discovery of other metabolic hormones, neuro¬ 
peptides and signaling pathways, and established 
their relationship to key neuronal structures in 
the hypothalamus [2-5]. Recently, the focus has 
shifted to studies of more complex signal integra¬ 
tions and neuronal adaptations that actually 
initiate the changes in ingestive behavior and 
metabolism. This review will follow the history 
behind this line of research and highlight some 
important new advances. 


The Link Between the Periphery 
and the Brain 

Brain regions implicated in the regulation of 
long-term energy balance, by definition, need 
to be able to monitor the amount of available 
fuel in the body and, then, use this knowledge 
to modulate energy intake and expenditure. 
What might be the signal(s) that conveys such 
information to the brain? Various hypotheses 
speculated about the nature of these signal(s). 
One such proposal, the “glucostatic hypothe¬ 
sis,” [6] postulated that small changes in plasma 
glucose levels trigger meal initiation or termi¬ 
nation. This model correlates well with the ini¬ 
tiation or termination of feeding per se (the 
“depletion-repletion” model of energy intake); 
however, it does not provide information about 
or a mechanism by which to determine the 
amount of food to be consumed, and it corre¬ 
lates poorly with energy expenditure [7]. 
Another paradigm that linked food intake to the 
amount of stored energy (fat mass) in the body 
is the “lipostatic model” that hypothesized that 
signal(s) proportional to the amount of fat in 
the body modulates the amount of food eaten at 
each meal to maintain overall energy balance 
[8]. More recent developments have supported 
this hypothesis that food intake is controlled 
by a lipostatic system to maintain energy 
homeostasis. 


Two sets of experiments appear to have been 
critical in identifying the specific brain structures 
that are directly involved in energy homeostasis 
and in linking the “lipostatic” signal to these 
brain regions. First, various lesion studies in 
which the hypothalamic ventromedial (VMH), 
paraventricular (PVN), or dorsomedial (DMH) 
nuclei were destroyed induced hyperphagia and 
obesity [9-13], whereas lesions in the lateral 
hypothalamus (LH) led to hypophagia [14], This 
led to the proposal of a dual center model that 
identified the VMH as the “satiety center”, while 
the LH was deemed the “hunger center” [15]. 
In retrospect to our current knowledge of specific 
hypothalamic neuronal populations, these lesion 
studies are strikingly precise in distinguishing 
between subregions that contain circuits that 
either promote or suppress feeding, and has since 
been used as a roadmap for the studies of neuro¬ 
biology on feeding and metabolism. 

Second, the initial parabiosis studies on hypo¬ 
thalamic lesioned rats concluded the existence of 
humoral signal(s) in relation to an animal’s lipo- 
statics [16]. In these studies, two live animals, 
one with a lesion in the VMH, were joined by 
surgical means, which allowed humoral factors 
to pass from one animal to the other. As obesity 
developed in the lesioned rat, its partner became 
hypophagic and lost weight, suggesting that a 
signal, in proportion to the amount of fat mass, is 
highly potent in inhibiting food intake. Additional 
parabiosis studies on genetically obese mutant 
mice, ob/ob and db/db [17, 18], concluded that 
ob/ob mice lack this lipostatic signal, whereas 
db/db mice are insensitive to it. These hypotheses 
were later confirmed by the discoveries of the ob 
gene that encodes leptin and the db gene that 
encodes leptin receptor. 

The discovery of leptin [19] and its receptor 
soon led to the recognition that all the hypotha¬ 
lamic nuclei associated with energy regulation, 
i.e., the VMH, DMH, PVN, and LH, are the 
regions where leptin receptors are highly 
expressed [20-22]. This also promoted a new 
wave of gene discoveries, which identified novel 
neuropeptides, their receptors and transcription 
factors that are crucial in mediating leptin 
function. This then led to the detection of the 
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hypothalamic melanocortin system as the key 
neuronal system involved in the control of energy 
balance by leptin signaling. Other metabolic sig¬ 
nals including insulin, ghrelin, estrogen, prolac¬ 
tin, glucocorticoids, resistin, and interleukins, to 
name a few, as well as nutrients such as glucose 
and free fatty acids [23-25] also target the hypo¬ 
thalamic melanocortin system to affect food 
intake and energy balance presumably in concert 
with leptin function [3, 7, 26-28]. All of these 
peripheral signals have been found to trigger 
rapid rewiring of neuronal circuits in the hypo¬ 
thalamus and beyond [29-38]. 


The Arcuate Nucleus Melanocortin 
System 

The hypothalamic arcuate nucleus (ARC) mel¬ 
anocortin system has been considered as the 
most successful model in explaining the neuronal 
control of long-term energy balance. The neurons 
within the ARC are located in an anatomically 
strategic place, in that they are in close proximity 
to fenestrated capillaries at the base of the hypo¬ 
thalamus, giving them access to various humoral 
signals that are restricted to other portions of the 
brain [39, 40], These neurons are innervated by 
axons containing almost all major neurotransmit¬ 
ters, and synthesize receptors for most metabolic 
hormones [3, 39, 41, 42]. ARC cells appear to 
respond rapidly to nutritional signals such as 
glucose and fatty acids as well [4, 43]. 

Two subsets of neurons have been identified 
within the ARC that have opposite effects on 
feeding; both contain the inhibitory neurotrans¬ 
mitter GABA [44, 45], One of these groups of 
neurons expresses proopiomelanocortin (POMC) 
and cocaine-amphetamine-regulated transcript 
(CART); when stimulated, they produce anorec¬ 
tic effects [46^48] . The POMC precursor is 
cleaved into melanocyte-stimulating hormones 
(a-, [3-, and y-MSH), |3-endorphin and adrenocor- 
ticotrophic hormone (ACTH) [48], Of these, 
a-and |3-MSH reduce food intake and body 
weight, and increase energy expenditure in ani¬ 
mals and humans [49-51]. Both a and [3-MSH 
act on melanocortin receptor subtype 3 and 4 


(MC3/4R) [52] that are particularly abundant in 
the ARC, PVN, LH, DMH, and anterior hypotha¬ 
lamic regions [53]. 

The second group of cells in which increased 
activity leads to orexigenic responses contains 
neuropeptide Y (NPY) and the agouti-gene-related 
transcript (AgRP) [54, 55], NPY potently stimu¬ 
lates food intake and reduces energy expenditure 
[56, 57]. It is found throughout the central ner¬ 
vous system [58], with its highest concentration 
in the ARC [59], In genetically obese animals, 
e.g., ob/ob and db/db mice, as well as animals in 
a negative energy state, e.g., fasted or lactating 
animals, the ARC NPY mRNA and protein con¬ 
tent are elevated [60-63]. AgRP is also orexi¬ 
genic. It acts as a natural antagonist of MC3/4R, 
thereby, reducing the anorectic effect of a-MSH 
[54, 64—66]. An ectopic expression of Agouti, an 
AgRP-like peptide, results in an obese phenotype 
of the yA agouti mouse [54], 

Substantial neuroanatomical and electrophysi- 
ological data have been generated, in particular 
through the use of fluorescent reporter genes that 
are selectively expressed in specific neurons, 
thus, allowing the visualization of hypothalamic 
neuronal subpopulations so that they can be 
studied in the context of feeding circuits while the 
cells are alive. By employing this method, results 
demonstrate that NPY neurons contact nearby 
POMC cells and inhibit them through the release 
of GABA [67] . The unidirectional NPY to POMC 
input [68] is an interesting aspect of the anatomi¬ 
cal basis of energy regulation because it may rep¬ 
resent a wiring blueprint that favors the tonic 
inhibition of satiety signals, a feature that may 
have been derived through natural selection to 
not only promote feeding, but also overfeeding in 
situations when food is available in excess [69]. 

The POMC and NPY neurons of the ARC 
function through broad projections to various 
brain regions that include the PVN, LH, and 
perifornical hypothalamic region, all of which 
contain substantial numbers of MC3/4R [53, 70]. 
The projection from the ARC to PVN is impor¬ 
tant for the regulation of neurons that produce 
corticotropin- and thyrotropin-releasing hor¬ 
mones (CRH and TRH, respectively) and for the 
modulation of sympathetic activity, both of which 
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are important physiological mechanisms in 
energy metabolism [71-73]. A study using a ere/ 
loxP genetic approach showed that mice with 
mutations to the MC4R gene (loxTB mc4) 
weighed and ate less if the MC4R gene was 
restored selectively in the PVN via viral or genetic 
manipulations [74]. However, the restoration of 
the MC4R in the PVN was not sufficient to bring 
energy expenditure levels to those of controls, 
suggesting that energy expenditure is regulated 
by melanocortins elsewhere in the hypothalamus 
or through receptors other than MC4R [74]. 

The intact melanocortin neuronal circuitry is 
mandatory for acute regulation of feeding [75-78]. 
The studies originated from the fact that neither 
NPY nor AgRP single gene knockout mice [79] 
nor NPY/AgRP double knockout mice [80] 
exhibited the expected hypophagia. 


The Lateral Hypothalamic Arousal/ 
Feeding System 

Two subsets of neuron populations have been 
identified within the LH: one group contains 
hypocretin (orexin), a peptide implicated in 
arousal and feeding, the other, melanin-concen¬ 
trating hormone (MCH), another potent stimula¬ 
tor of food intake. Both hypocretin and MCH 
neurons have a wide projection field and modu¬ 
late a variety of behavioral responses related to 
learning, memory, emotion, motivation, and 
motor responses in association with changes in 
the energy state [81-84], Although the projec¬ 
tions of hypocretin and MCH neurons exhibit 
significant overlap, their overall effects and actual 
targets are quite different [81, 85]. The activity of 
hypocretin and MCH neurons is regulated by 
numerous hormones that include leptin and ghre- 
lin, as well as by practically every neurotransmit¬ 
ter system [86-90], Within the LH, hypocretin 
and MCH neurons have reciprocal connections 
with each other, and with nearby neurons [91]. 
Electrophysiological studies in brain slices or 
isolated neurons indicated that hypocretin, in 
general, has a stimulatory effect on LH neurons 
including MCH neurons [92, 93], whereas MCH 
depresses the synaptic activity of glutamate and 
GABA neurons from the rat LH [94], It is not 


clear whether such electrical interactions between 
hypocretin and MCH neurons, at the intensities 
and dynamics observed, are relevant to feeding 
and long-term homeostasis, or if they are more 
related to arousal behavior. 

Hypocretin and MCH neurons are capable of 
directly integrating metabolic signals to modu¬ 
late energy balance, and they do so, more or less, 
independent of each other, despite their proxi¬ 
mate location and physiological interaction in the 
LH. For example, hypocretin neurons are rapidly 
activated by fasting in rodents and nonhuman 
primates [95] and exhibit leptin-dependent syn¬ 
aptic plasticity during fasting [96]. Hypocretin 
mRNA levels in the LH are upregulated upon 
fasting as well [97]. Notably, all of the hypotha¬ 
lamic neurons that are activated by fasting receive 
strong hypocretin input. These observations, 
together with the earlier demonstration of a mas¬ 
sive hypocretin input to the ARC, particularly to 
the NPY neurons [98], as well as the dependence 
of hypocretin function on NPY signaling (in 
particular on the NPY Y1 and Y5 receptors) [99, 
100], and a synergistic action between NPY and 
hypocretin (at low concentrations) to induce 
feeding [101], argue that hypocretin neurons may 
be upstream to the NPY system with regard to 
feeding and metabolism. Mice with deletions of 
the hypocretin gene are hypophagic, but maintain 
normal growth curves, suggesting that they pos¬ 
sess a reduced metabolic rate [102], This, in asso¬ 
ciation with the critical role of hypocretin neurons 
to promote arousal [103] through direct projec¬ 
tions to the brain stem including the locus coer- 
uleus [99], makes it likely that the hypocretin 
neurons provide a link between obesity and 
insomnia. Interestingly, NPY appears to inhibit 
hypocretin neurons to exert tonic depression of 
the hypothalamic arousal system [104]. 

MCH, on the other hand, shows no or little 
interaction with NPY or hypocretin in inducing 
food intake when injected together into the third 
ventricle of the rat [102]. These observations pro¬ 
vide a physiological component concomitant to 
the preexisting morphological data that shows that 
the strength of MCH projections to the ARC is 
limited compared to that of the hypocretin neurons. 
Thus, the action of MCH on feeding is likely inde¬ 
pendent of NPY and hypocretin action. However, 
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like NPY, MCH does exhibit characteristics 
typical of orexigenic genes: its mRNA levels are 
increased in obese mutant animals and fasting 
further increases its expression in both normal and 
obese animals [105] ; and it has a potent orexigenic 
effect. Targeted deletion of the MCH gene resulted 
in a phenotype of hypophagia and leanness with 
an inappropriately high metabolic rate [106], sug¬ 
gesting that MCH is a typical “thrift gene” that 
increases energy intake and reduces energy expen¬ 
diture simultaneously. Consistent with this idea, 
MCH suppresses thyroid-stimulating hormone 
(TSH) release [107], 

In contrast to hypocretin that acts through 
NPY, MCH appears to compete with the action of 
a-MSH to produce its effect (a mechanism con¬ 
served from skin color regulation in fish to hypo¬ 
thalamic control of energy balance in mammals), 
such that MCH administration increases feeding, 
while a-MSH acts to decrease it. When the pep¬ 
tides are administered together, depending on the 
relative dose, one antagonizes the action of the 
other [82], Recently, a mouse model of MCH 
neuron ablation was generated by expressing a 
toxin gene, ataxin-3, targeted at MCH neurons 
[108], Mice that express this gene have a chronic 
loss of MCH neurons. Interestingly, the pheno¬ 
type of these mice highly resembles that of mice 
lacking only the MCH gene, that is they exhibit 
reduced food intake and increased energy expen¬ 
diture. Moreover, the ablation of MCH neurons 
in mice with an ob/ob mutant background resulted 
in improved obesity and glucose tolerance. Thus, 
these results suggest that the function of MCH 
cells in energy regulation may be limited to the 
MCH system itself, but not to other aspects of the 
cells such as their classic neurotransmitter func¬ 
tion and/or their synaptic plasticity, which are 
distinct from NPY cells (see below). 


Circadian Input to the Endocrine 
Hypothalamus 

The suprachiasmatic nucleus (SCN), also consid¬ 
ered as the master circadian clock of the body, 
and the DMH also express receptors for leptin 
and ghrelin. They express high levels of UCP2 
suggesting that these hormones directly target the 


SCN and DMH to generate additional behavioral 
and physiological responses that complement 
those mediated by cells in the ARC [87, 109], 
The SCN and the extended visual system send 
direct and indirect projections to hypothalamic 
neuroendocrine cells [110, 111] (for details 
regarding the SCN, see Chaps. 1 and 2). The 
DMH appears to modulate glucocorticoid secre¬ 
tion, body temperature, arousal, and circadian 
rhythms of locomotor activity [112], It receives 
inputs from cells in the ARC and regions in the 
brainstem associated with feeding [113]. Lesions 
restricted to the DMH typically result in hypo¬ 
phagia, although animals can still maintain their 
body composition [113]. In a recent study, the 
DMH was found to be critical for the entrainment 
of circadian rhythms to feeding schedules [114]. 
The DMH of animals with restricted access to 
food (4 h/day) exhibited an increased expression 
of c-Fos, indicating an increased cellular activa¬ 
tion at a time when the food was presented com¬ 
pared to animals that had free access to food 
throughout the day. Ibotenic lesions of the DMH 
resulted in reduced levels of locomotor activity 
and decreased food intake. When lesioned rats 
were placed in the restricted feeding schedule, 
they showed less preprandial increases in food 
anticipatory locomotor activity than those of 
sham-operated animals. DMH lesions also 
blocked the rise in body temperature that is 
entrained to the timing of food presentation [114]. 
The nature of the cells within the DMH remains 
obscure. A number of these cells are glutamater- 
gic and project to the PVN and preoptic area; 
both are involved in the circadian regulation of 
corticosteroid secretion and body temperature 
[113, 115], Projections from the DMH to the LH 
and ventrolateral preoptic area may be involved 
in the control of sleep and arousal and may be 
related to the enhanced activity of animals in 
restricted feeding schedules [116]. 


Neuronal Responses to Peripheral 
Hormones Nutritional States 

A large body of data has emerged regarding the 
intracellular signaling of various peripheral hor¬ 
mones within the hypothalamus. In addition, 
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transcriptional events have been described to 
support overall alterations in cellular capabilities. 
However, Cajal’s neuronal doctrine predicts that 
functional outcomes of circuit alteration should 
stem from altered firing and/or connectivity 
(synaptology) of neuronal networks. Mounting 
evidence suggests that peripheral hormones 
accomplish just this as well. 


Acute Neuronal Responses 
to Peripheral Hormones 

With the emergence of transgenic technology that 
allows selective labeling of particular neuropep¬ 
tide-producing cell groups, it has become easier 
to study the acute responses of subpopulations of 
ARC neurons to peripheral hormones, such as 
leptin and ghrelin. These studies revealed that the 
two critical components of the melanocortin sys¬ 
tem, the orexigenic NPY/AgRP-producing cells 
and the anorexigenic POMC/a-MSH-expressing 
neurons respond to peripheral hormones in an 
acute fashion in slice preparations. It was shown 
that firing of POMC cells is enhanced by leptin 
via both pre- and postsynaptic modes of action 
[67], while the firing frequency of orexigenic 
NPY/AgRP neurons is diminished by leptin 

[117] . On the other hand, the gut-derived, appe¬ 
tite-stimulating hormone, ghrelin, was observed 
to enhance the firing rate of NPY/AgRP neurons 
via a direct mechanism while it diminished the 
frequency of action potential of POMC cells pre¬ 
dominantly by a presynatpic mode of action 

[118] . Leptin’s acute action on neuronal function 
was tied to a nonspecific cation channel [119], 
whereas the mechanism of action of ghrelin is yet 
to be determined, although it may require GHSR 
signaling [33]. The pancreas-derived hormone, 
insulin, was also shown to affect neuronal firing 
in the ARC, an event that appears to be mediated 
by ATP-sensitive potassium channels [120]. Of 
course, considering the limitations of slice elec¬ 
trophysiology, it is a reasonable yet unresolved 
question whether any of these peripheral signals 
are present physiologically at high enough quan¬ 
tities to alter action potential generation in the 
above described circuitry in vivo. 


Synaptic Plasticity Driven by Peripheral 
Metabolic Hormones 

Cajal’s neuronal doctrine also predicts that the 
output of a neuronal population is greatly 
influenced by its input organization. Thus, the 
inquiry into whether various metabolic states 
might correlate with different organizations of 
synaptic input (synaptic plasticity) on the 
melanocortin cells was a logical line of pursuit. 
This concept raised the possibility that metabolic 
signals, leptin and ghrelin in particular, may have 
acute effects on synaptic plasticity within the 
appetite center. Indeed, the hypothalamus has 
been known to retain various forms of plasticity 
throughout life, and, immature synapses can 
frequently be found in the adult hypothalamus. 
For example, the magnocellular system shows 
plasticity during changes in water homeostasis 
[121-123]; in the ARC, the input organization of 
unidentified neuronal systems exhibited changes 
in response to a varying gonadal steroid milieu 
[124, 125]; and the input organization of the per- 
ikarya of luteinizing hormone-releasing hormone 
neurons varies during changes in the gonadal 
steroid milieu [126] or in photoperiod lengths 
[127]. Nevertheless, such synaptic plasticity was 
not considered as a potentially important aspect 
in the regulation of daily energy control. Recent 
observations [29-31, 35, 36, 96], however, now 
clearly indciate that it may be a regulatory com¬ 
ponent in the hypothalamic control of energy 
homeostasis. First, results on leptin replacement 
in ob/ob mice indicated [29] that synaptic rear¬ 
rangements of feeding circuits is part of an ongo¬ 
ing general phenomena. Further support came 
from results that showed robust effects of periph¬ 
eral ghrelin injections on the input organization 
of POMC neurons of mice leading to a wiring 
different from that induced by leptin [29]. 
Additionally, leptin was found to robustly regu¬ 
late the synaptic organization of lateral hypotha¬ 
lamic hypocretin/orexin neurons [96], and, 
ghrelin was shown to have a rapid and robust 
effect on synapse formation in the hippocampus 
[34] and ventral tegmental area [33], In these 
latter studies, ghrelin was found to promote the 
propagation of long-term potentiation in the 
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hippocampal formation enhancing learning and 
memory consolidation [34], and it caused the 
release of dopamine in the nucleus accumbens 
associated with synaptic changes in the ventral 
tegmentum [33]. From a methodological perspec¬ 
tive, it needs to be emphasized that conclusions 
made on the presence of synaptic plasticity relies 
on the combination of light and electron micro¬ 
scopical assays and slice electrophysiology. 

An important issue remains unresolved, how¬ 
ever, and that is whether these synaptic alterations 
have an impact on neuronal activity and, conse¬ 
quently, on the metabolic phenotype. While this 
remains to be proven, a task that is still daunting 
even for long-term potentiation and long-term 
depression [128], it is important to recognize that 
these changes occur both preceding and concomi¬ 
tant to the varying behavioral and endocrine out¬ 
puts [29,32-34], Even if it does not directly affect 
action potentials, the changing input organization 
of NPY and POMC perikarya may have an impact 
on the “set point” of these cell populations under 
various circumstances [31, 32], The intracellular 
signaling modality that brings about these rapid 
changes as well as the parent cells of origin of the 
altered inputs in wiring will need further investi¬ 
gation. Another fundamental question regarding 
these synaptic changes is whether ghrelin/leptin 
signaling is required on the pre- and/or postsyn- 
aptic sites? Based on the association between 
ghrelin-induced synaptic plasticity and the depen¬ 
dence of ghrelin’s electrophysiological action in 
the VTA [33] and hypothalamus [29] on presyn- 
aptic mechanisms, it is tempting to speculate that 
these morphological changes represent activity- 
dependent synaptic plasticities. One important 
conclusion, however, of these studies is that syn¬ 
aptic plasticity is inherent to neuronal circuits 
that govern appetite. Because this network of 
neurons is becoming well characterized showing 
a direct relationship between a small, identifiable 
subset of neurons and a primitive behavior inde¬ 
pendent of conditioning (for example, learning 
and memory consolidation paradigms), and feed¬ 
ing [75, 76], these sets of neurons may become 
more attractive for an experimental paradigm that 
could directly prove the causal relationship 
between synaptic plasticity and behavior [128]. 


Fuel Sensing, Energy Balance 
and Synaptic Plasticity 

Hypothalamic neurons, particularly those in the 
ARC and VMH, modulate their activity directly 
in response to fluctuations in the levels of body 
metabolic fuels such as glucose and free fatty 
acids [24, 129-138], Brain cells, like other cells, 
have developed mechanisms that monitor energy 
availability in the extracellular space. One of 
these mechanisms includes an increase in ade¬ 
nosine monophosphate kinase (AMPK) activity 
in response to a decrease in the ratio of AMP/ 
adenosine triphosphate (AMP/ATP) [24], The 
activation of AMPK favors cellular responses 
generated to increase ATP levels including 
increases in the synthesis and uptake of glucose 
and fatty acids by most cells [24], Recent studies 
suggest that hypothalamic neurons have a similar 
nutrient sensing mechanism [24, 36, 131-133]. 
Fasting or treatment with 2-deoxy-D-glucose 
(2-DG) increases the activity of AMPK in the 
hypothalamus [139]. 

In addition to sensing glucose availability, 
hypothalamic cells are also sensitive to circulat¬ 
ing levels of free fatty acids and their response 
may be mediated by AMPK [140,141], Free fatty 
acids diffuse into hypothalamic neurons where 
they are esterified and transferred into the mito¬ 
chondria for oxidation, a process that ultimately 
results in increased feeding [36, 43, 142]. The 
transfer of esterified fatty acids into the mito¬ 
chondria is mediated by the activity of carnitine- 
dependent acyltransferases 1 and 2 (CPT1 and 2) 
[23, 43]. Interestingly, malonyl-CoA, the activity 
of which is increased by glucose utilization, 
decreases the activity of CPT1 and thus the oxi¬ 
dation of fatty acids [23], Furthermore, increases 
in AMPK activity lead to decreased formation of 
malonyl-CoA and ultimately increased fatty acid 
oxidation [23]. 

The activation of AMPK may also gate hypo¬ 
thalamic responses to peripheral hormones such 
as leptin and ghrelin, given that leptin decreases 
and ghrelin increases the activity of AMPK in the 
hypothalamus [36, 143, 144]. Like ghrelin, AgRP, 
or mutations in the MC4 receptor also result in 
increased hypothalamic AMPK activity, whereas 
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MTII, an a-MSH agonist decreases it, supporting 
the idea that the melanocortin system is critical 
for this enzyme to have its downstream effects in 
the control of energy balance [132], 

Cells within the LH also change their activity 
in response to the fluctuations of extracellular 
ATP. For example, the local application of ATP 
depolarized hypocretin neurons, increasing their 
firing frequency [145], More studies are needed 
to determine if this effect is mediated by mecha¬ 
nisms of fuel sensing similar to those seen in the 
ARC. 

The relationship between intracellular energy 
sensing in hypothalamic neurons and the cascade 
of events that follows energy substrate oxidation 
is still poorly understood, but it was shown that 
mitochondrial uncoupling proteins such as UCP2 
may play a role in the generation of cellular 
responses within the ARC that ultimately lead to 
increased activity of the melanocortin system 
[31, 98], It has been suggested that UCP2 may 
modulate the efficiency of metabolic processes in 
hypothalamic cells, increase neurotransmission 
and modulate synaptic remodeling [146, 147]. 
Two lines of results show that fuel sensing and 
consequent neuronal responses may hinge on the 
different fuel preferences for neuronal firing of 
the ARC NPY/AgRP and POMC neurons and 
they determine synaptic plasticity. Several stud¬ 
ies have shown that POMC neurons increase their 
firing when glucose levels rise [148-150]. While 
most of these studies emphasized the mechanism 
of glucose sensing by POMC neurons because 
their consequent effect of liver glucose homeo¬ 
stasis and insulin action, by default, all of these 
results implicate glucose as the main driver of 
POMC neuronal firing. This is entirely consistent 
with the putative role of POMC cells as satiety 
signaling neurons, as at a time of satiety, circulat¬ 
ing glucose levels are elevated and POMC neu¬ 
rons have increased firing [151]. In contrast, 
during negative energy balance, glucose levels 
are lower and NPY/AgRP neurons have increased 
firing [151]. 

Our recent results [36] revealed the following 
chain of intracellular events that contributes to 
the appropriate neuronal responses to ghrelin on 
the part of ARC NPY/AgRP neurons during 


negative energy balance: ghrelin induces a rapid 
increase of NPY/AgRP neuronal firing via acti¬ 
vation of GHSR. GHSR activation, likely via 
ATP utilization during action potential genera¬ 
tion, results in AMPK activation. AMPK activa¬ 
tion suppresses ACC activity eliminating the 
inhibitory effect of malonyl-CoA on CPT1 activ¬ 
ity. CPT1 activation enhances long chain fatty 
acid entry into the mitochondrial matrix that, in 
turn, undergoes beta oxidation. Fatty acid beta 
oxidation promotes generation of ROS, which 
together with fatty acids promote UCP2 tran¬ 
scription and activity. UCP2 activity neutralizes 
ROS thereby allowing continuous CPT1- 
promoted fatty acid beta oxidation that enables 
continuous support of the bioenergetic needs of 
sustained firing of NPY/AgRP cells. Sustained 
firing of NPY/AgRP neurons, the efferents of 
which are GABAergic onto POMC neurons, 
results in activity-dependent synaptic plasticity 
promoting an organization of increased inhibi¬ 
tory input onto POMC neurons. Ghrelin indi¬ 
rectly suppresses POMC neuronal firing through 
elevated NPY/AgRP neuronal activity and 
thereby promotes feeding. Our results also indi¬ 
cate that fatty acids, which are elevated in the cir¬ 
culation concurrently with ghrelin during fasting, 
are acutely increased in the hypothalamus in 
response to ghrelin administration so they can 
serve as continuous fuel supply for NPY/AgRP 
neurons during negative energy balance. 
Engagement of neuronal UCP2 was found to be 
critical for synaptic plasticity of diverse circuits 
in the brain [36, 152], and the expression levels 
of UCP2 was positively correlated with longevity 
of mice and rats [153], Thus, it is reasonable to 
argue that differential fuel utilization by various 
subsets of neurons contributes not only to the 
regulation of energy homeostasis, but to healthy 
lifespan as well. 


Conclusion 

Feeding and energy expenditure is regulated by 
neuronal circuits of the brain. Feeding, by 
definition, occurs in most mammals during 
waking mandating a tight relationship between 




5 Plasticity of Brain Feeding Circuits in Response to Food 


69 


systems regulating sleep/wake cycles and energy 
metabolism. This is accomplished not only by 
neuronal interactions between brain regions 
responsible for these functions, but also by shar¬ 
ing intracellular and intercellular signaling 
modalities. Peripheral hormones associated with 
energy metabolism not only affect brain struc¬ 
tures that have been classicahy associated with 
endocrine and autonomic functions, but also alter 
the function of higher brain regions, including the 
hippocampus and cerebral cortex. A better under¬ 
standing of the mechanism of feeding behavior 
and energy expenditure associated with brain 
structures will also enhance our ability to combat 
disorders such as diabetes and obesity, which are 
among the most prevalent medical problems of 
both developed and developing societies. 
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Abstract 

Energy balance is tightly controlled in humans and other animals: pertur¬ 
bations that increase or decrease energy (fat) stores provoke countervening 
responses to restore adiposity to baseline. Changes in energy expenditure, 
whether at the level of basal metabolic rate or activity, generally impact 
energy balance only modestly due to compensatory changes in feeding. 
Thus, alterations in systems that modulate food intake relative to energy 
expenditure, rather than systems that regulate energy utilization alone, 
dominate in the control of adiposity. Genetic perturbations that alter body 
weight, both in animal models and in human patients and populations have 
aided in the identification and study of the systems that control energy bal¬ 
ance. The genetic causes of obesity for which we have a rudimentary 
understanding of underlying mechanism fall within the CNS, and many of 
these lesions lie in genes important to the function of crucial hypothalamic 
circuits that control feeding. Others encode more general modulators of 
neurophysiology that impact feeding systems in addition to other neural 
circuits. From the standpoint of neural mechanism, however, a great many 
genetic lesions associated with altered energy balance remain incompletely 
understood. Understanding the neural systems impacted by these genetic 
alterations will not only reveal the physiologic underpinnings of energy 
homeostasis, but may also identify targets for therapeutic intervention. 
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Over the long term, body weight and adiposity 
are regulated within the relatively narrow limits 
in humans and other animals [1, 2], Animals 
defend against changes in body weight and 
adiposity via a variety of mechanisms: negative 


P.J. Shiromani et al. (eds.). Sleep Loss and Obesity: Intersecting Epidemics, 

DOI 10.1007/978-l-4614-3492-4_6, © Springer Science+Business Media, LLC 2012 


75 






76 


M.G. Myers Jr. 


energy balance due to increased energy expenditure 
(e.g., increased exercise) or decreased food 
intake (e.g., dieting) provokes compensatory 
processes that tend to restore adipose tissue 
mass to its previous state—hunger increases and 
energy expenditure is restrained. In the absence 
of artificial food restriction (dieting), feeding 
increases to compensate for increased energy 
expenditure. Diet-induced weight loss results in 
decreased energy expenditure and is difficult to 
maintain. 

While it is true that the response to negative 
energy balance (weight loss) is more robust than 
the response to positive energy balance, involun¬ 
tary increases in body weight and adiposity, as by 
overfeeding via a tube in the stomach, also 
decrease hunger and promote increased energy 
expenditure. During ad libitum feeding followed 
forced overfeeding, food intake decreases to 
below baseline, until the previous levels of weight 
and adiposity are restored [3], Thus, homeostatic 
systems exist to modulate food intake relative to 
energy expenditure and adiposity, maintaining 
body energy stores within a relatively narrow 
range over the long term. 

That is not to say that all individuals should be 
expected to maintain the same adiposity or food 
intake relative to energy expenditure at any 
particular body weight, however. A variety of 
environmental and genetic factors interact to 
determine the level of adiposity for any individ¬ 
ual. The impact of the environment is evident by 
comparing rates of adiposity and obesity today to 
those from even 20 years ago: around 1990,23% 
of US adults were classified as obese, while today 
over 35% meet this definition [4], It would be 
difficult to argue that natural selection, occurring 
within a single generation, could underlie this 
shift in adiposity. Rather, palatable, high-calorie 
foods have become increasingly cheap and avail¬ 
able during this time, and the overconsumption 
of these foods represents the most plausible 
explanation for the increased rates of obesity in 
industrialized societies. Other environmental fac¬ 
tors, such as the increased feeding promoted by 
stress and/or altered circadian rhythms, discussed 
elsewhere in this text, also contribute [5,6], Yet, 
even within our current environment, some 


individuals remain lean into old age, while others 
rapidly progress to morbid obesity during their 
youth. A substantial portion of this variability in 
body weight and adiposity within human popula¬ 
tions in a given environment is attributable to the 
genetic makeup of each person [7]. In this chap¬ 
ter, we consider genetic contributors to energy 
balance, both in laboratory animals (including 
spontaneous mutations and molecular genetic 
models) and in human populations. We also dis¬ 
cuss what the genetics of adiposity has taught us 
thus far, as well as the substantial amount that we 
have yet to completely understand about genetic 
determinants of feeding and body weight. 


Food Intake Is the Controlled 
Variable in Energy Balance 

While obesity (or leanness) is often attributed to 
a slow (or fast) metabolism, the systems that con¬ 
trol energy balance dictate that metabolic rate is 
not the primary driver of body weight, since the 
level of energy expenditure in any individual will 
modulate food intake to achieve a certain level of 
adiposity for that individual within a given envi¬ 
ronment. Not only does the increased drive to 
feed in humans who exercise a great deal serve to 
maintain adiposity in the face of acutely increased 
energy expenditure, but genetic alterations that 
solely alter energy expenditure minimally alter 
adiposity in animal models, except under special 
circumstances: for instance, the decreased energy 
expenditure conferred by deletion of the mito¬ 
chondrial uncoupling protein, UCP1, from meta- 
bolically active brown adipose tissue in mice 
produces little change in body weight and adi¬ 
posity under most conditions [8]. While altera¬ 
tions in adrenergic signaling, as by deletion of all 
P-adrenergic receptors or a regulatory subunit of 
protein kinase A, promotes obesity, these altera¬ 
tions impact CNS function, not just peripheral 
metabolic control [9, 10]. As will become clear 
below, however, there is ample evidence to 
suggest that genetic changes that alter CNS pro¬ 
cesses (especially those that control food intake) 
underlie most identified dramatic and/or mono¬ 
genic causes of obesity, as well as more subtle 
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contributors to energy balance identified in 
genome-wide association studies (GWAS). 


Genetic Causes of Obesity 

Many single gene lesions that promote obesity in 
rodents and humans define neural systems inte¬ 
gral to the control of feeding and energy balance. 

Many insights into the neural mechanisms that 
control energy balance have emerged from the 
study of rodent models; the importance of many 
of these affected genes and systems has subse¬ 
quently been verified in humans. In general, these 
rodent models and human subjects exhibit obe¬ 
sity, rather than leanness. This is presumably 
attributable both to the multiple redundant path¬ 
ways that protect against decreased energy stores, 
and to the fact that, while hyperphagia produces 
obesity and tends not to limit fecundity, animals 
with severe hypophagia are unlikely to survive, 
let alone reproduce. 


Leptin and Its Receptor 

The most dramatic mouse models of obesity were 
first detected as spontaneously arising mutants 
within the breeding colony at Jackson Labs; these 
are the obese (ob/ob ) and diabetes ( db/db ) mice 
[11]. These animals exhibit similarly extreme 
hyperphagia, decreased metabolism, and a neu¬ 
roendocrine phenotype reminiscent of the stereo¬ 
typical response to starvation [11-13]. Early 
studies revealed that the ob and db loci were dis¬ 
tinct, and subsequent elegant parabiosis studies 
suggested that the gene product affected by ob 
was a hormone, while db disrupted the receptor 
for this hormone [11, 14], Indeed, molecular 
cloning revealed that the ob mutation disrupts an 
adipocyte-specific hormone (termed leptin) [15]; 
soon thereafter, db was shown to disrupt the lep¬ 
tin receptor (LepRb) [16, 17]. 

Leptin is produced by adipocytes in approxi¬ 
mate proportion to their triglyceride (energy) 
stores; leptin acts via LepRb to convey the 
adequacy (or by its absence, the inadequacy) of 
these fat stores, and modulates appetite, energy 


expenditure, and a variety of complex behaviors 
in concert with energy balance [12, 18, 19]. 
During caloric restriction, for instance, leptin lev¬ 
els drop—provoking increased hunger and 
decreased energy utilization; leptin administra¬ 
tion reverses these effects [12, 20]. LepRb is 
expressed predominantly in brain areas known to 
be involved in the control of (or response to) 
feeding and energy balance, and leptin action via 
LepRb in the brain mediates most leptin action 
[21-24], 

The discovery of leptin and LepRb also 
enabled the screening of humans for alterations 
in the genes that encode them; while no genetic 
alterations in these loci have been shown to con¬ 
tribute to common forms of human obesity 
(indeed, obese humans generally have increased 
leptin commensurate with their adipose mass), a 
few very rare individuals with homozygous null 
mutations in these genes have been identified in 
cohorts of individuals with extreme early onset 
obesity [25,26]. The clinical syndrome exhibited 
by these patients is similar to the phenotype 
exhibited by Lep ob/ob and Lepr db,db mice, including 
hyperphagic obesity, neuroendocrine dysfunc¬ 
tion, and hypoactivity. Thus, rodent and human 
genetics demonstrate that leptin and its receptor 
represent crucial controllers of feeding and 
energy balance. 


The LepRb Signaling Pathway 

The cellular mechanisms of LepRb signaling and 
the contributions of these signals to leptin action 
have been extensively studied in cultured cells 
and in rodents [27]. Mice mutant for a number of 
specific LepRb signals display hyperphagia and 
obesity, including animals disrupted for LepRb 
signaling via the signal transducer and activator 
of transcription-3 (STAT3) pathway—a major 
downstream signaling pathway that is directly 
activated by LepRb [28], 

SH2B1 is an adaptor protein that interacts 
with the LepRb signaling complex to increase 
receptor signaling and recruit some downstream 
signaling proteins into the complex [29, 30]. 
Animals bearing inactivating Sh2bl mutations or 
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Fig-6.1 Neural circuits and pathways corresponding to 
human obesity genes of understood function. Large ovals 
correspond to hypothalamic nuclei (names in italics ); 
smaller ovals correspond to neurons within those nuclei 


neuronal Sh2bl deletions exhibit hyperphagia 
extreme enough to promote obesity in the 
face of (presumably leptin-independent) increased 
energy expenditure [31, 32], Interestingly, the 
SH2B1 locus lies near the affected chromosomal 
region in a group of patients with severe obesity 
syndromes secondary to a deletion of chromo¬ 
some 16 [33, 34], Furthermore, recent GWAS 
have suggested a potential role for SH2B1 vari¬ 
ants as risk alleles for common obesity [35, 36], 
Thus, SH2B1 represents an important controller 
of energy balance in humans as well as rodents, 
presumably due to its role in leptin signaling. 

The Melanocortin System 

Contemporaneous with the explosion of knowl¬ 
edge about the leptin signaling system came the 
genetic dissection of the leptin-regulated hypo¬ 
thalamic melanocortin system. Based upon an 
enormous amount of work from numerous labo¬ 
ratories, we now understand that a group of neu¬ 
rons that express proopiomelanocortin (POMC) 


that contain the indicated gene product. 'Mutations of the 
genes encoding the indicated gene products not only pro¬ 
duce obesity in rare null syndromes in humans, but have 
been implicated as obesity genes by GWAS as well 


and that lie within the arcuate nucleus of the 
hypothalamus (ARC) play a central role in the 
control of energy balance (Fig. 6.1) [37, 38]. 
While POMC is also expressed in the anterior 
pituitary, where it is processed to adrenocortico¬ 
tropic hormone (ACTH), processing in the ARC 
produces a number of other peptides, including 
a-melanocyte-stimulating hormone (aMSH) 
[39], ARC POMC neurons project to a number of 
other hypothalamic regions involved in the con¬ 
trol of food intake and energy expenditure, 
including the paraventricular hypothalamic 
nucleus (PVH) [40]; aMSH release at these tar¬ 
get sites activates the melanocortin 4 receptor 
(MC4R), as well as MC3R, on target neurons to 
diminish feeding [4 1 — 43] . 

The molecular genetic dissection of the obese 
agouti yellow mouse ( A y ; which ubiquitously 
overproduces agouti, a melanocortin receptor 
antagonist) led to the discovery of agouti-related 
protein (AgRP, an endogenous inverse agonist of 
MC3R and MC4R), and contributed importantly 
to the understanding of the melanocortin 
system and its role in energy balance [44-46]. 
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ARC AgRP neurons act in opposition to the ARC 
POMC neurons by secreting AgRP to attenuate 
aMSH signaling when energy stores are low 
[37, 38], Leptin is an important regulator of the 
ARC melanocortin system, as many POMC and 
AgRP neurons express LepRb, and leptin poten¬ 
tiates signaling by POMC neurons while inhibit¬ 
ing AgRP neurons. 

Mutant mouse lines have also been produced 
to examine most components of this system: 
while animals null for Agrp have little phenotype 
[47], animals and humans containing mutations 
that interfere with melanocortin action are obese 
[44^4-6, 48-51]. Mutations in Pome itself pro¬ 
mote hyperphagic obesity, as do mutations in the 
Mc3r and Mc4r, although the phenotype of ani¬ 
mals null for Mc4r is much stronger than that of 
Mc3r nulls. Furthermore, humans carrying muta¬ 
tions in POMC and MC4R exhibit early onset 
obesity. Indeed, not only does the existence of 
these patients confirm the underlying importance 
of the melanocortin system for human physiol¬ 
ogy and energy balance, but mutations affecting 
MC4R underlie a substantial portion (between 2 
and 5%) of extreme early onset obesity in a num¬ 
ber of cohorts. Additionally, GWAS have repeat¬ 
edly identified polymorphisms associated with 
the MC4R locus as contributors to obesity in large 
populations of humans [35, 52], Thus, the mel¬ 
anocortin system represents an important neural 
controller of energy balance; genetic alteration of 
this system produces obesity in rodent genetic 
models, underlies a significant amount of extreme 
obesity in humans, and also contributes to 
the genetic predisposition of many humans to 
increased adiposity. 


The Peptide Processing Machinery 
and the Control of Energy Balance 

Lite many other peptide hormones and neu¬ 
rotransmitters, melanocortin peptides must be 
proteolytically processed to generate active pep¬ 
tides, such as aMSH, in order to act on then- 
receptors and mediate their biological functions 
[39], POMC itself is cleaved by prohormone 
convertase 1 (PCI, also called PCSK1 or PCI/3) 


and PC2 (aka PCSK2) to generate a precursor 
peptide that is further cleaved by carboxypepti- 
dase E (CPE) to generate active aMSH; acetyla¬ 
tion by unknown enzymes may also modify 
aMSH activity. Following its release, aMSH is 
inactivated by prolylcarboxypeptidase (PRCP) 
[39, 53], 

As one might expect, genetic changes in this 
pathway modify adiposity—animals null for 
Pcskl are obese, as are the very few identified 
human patients with mutations for this enzyme 
[54, 55], Surprisingly, animals null for Pcskl are 
not obese, although they exhibit phenotypes con¬ 
sistent with other defects in peptide processing; 
this lack of obesity may result from the partial 
activity of the POMC PCI product on MC3/4R 
even in the absence of PC2, combined with other 
hormonal and neural changes in these animals 

[56] , No humans defective in PCSK2 function 
have been identified. 

The phenotype of the spontaneously obese Fat 
mouse results from altered CPE function, and 
mice with targeted disruption of Cpe are obese 

[57] , Conversely, mice null for Prep, which 
inactivates aMSH, are lean [53], Humans mutant 
for CPE or PRCP have not been identified, 
however. 


Genes Controlling Important 
Hypothalamic Structures 

While not entirely specific to the melanocortin 
system, disruption of the genes encoding the 
transcription factors, SIM1 and SF1, alter the 
organization and function of the PVH and ven¬ 
tromedial hypothalamic nucleus (VMH), respec¬ 
tively [58, 59], The PVH is a major output 
pathway for leptin and the melanocortins [60], 
Indeed, expression of MC4R in SIM 1-expressing 
neurons reverses much of the phenotype of 
Mc4r- null mice [61]. Humans containing SIM I 
mutations have also been identified and are 
extremely obese, as are mice with targeted muta¬ 
tion of Siml [62, 63]. The VMH, which plays an 
important role in feeding and energy balance, 
interacts with the ARC in general and with the 
melanocortin pathway specifically, and, while 
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no human patients deficient for SF1 have been 
described, mice lacking SF1 are hyperphagic and 
obese [64], 


Other Neural Systems That Control 
Energy Balance 

Recent work in the neurobiology of energy 
balance, aided by the use of molecular genetic 
techniques, has identified other somewhat inter¬ 
related, neural systems that contribute to the con¬ 
trol of energy balance [37, 65], Both leptin and 
the melanocortins have been implicated in the 
control of two important sets of neurons that lie 
within the lateral hypothalamic area (LHA). One 
such set of neurons contains the neuropeptide 
melanin concentrating hormone (MCFI; not 
related to POMC or any of its peptides) [66, 67], 
MCH promotes feeding, and animals null for the 
gene encoding MCH (or its receptor) are lean 
[66,68], No humans mutant for the genes encod¬ 
ing MCH or its receptor have been discovered, 
consistent with the difficulty in identifying spon¬ 
taneous genetic alterations conferring leanness. 

A distinct set of LHA neurons express the 
neuropeptide hypocretin (HCRT, also known as 
orexin) [69-71]. Based upon early acute pharma¬ 
cologic studies, HCRT was originally conceived 
of as an orexigen; subsequent work has revealed 
animals null for Hcrt or one of its receptors to be 
mildly obese, however [70, 72-74], Indeed, nar¬ 
colepsy, which results from the loss of HCRT 
action in mice and humans, is associated with 
increased adiposity [74, 75] (see Chap. 3 for fur¬ 
ther details regarding hypocretin and arousal). 

The brain serotonin (5-HT) system also con¬ 
tributes to the control of energy balance, and 
5-HT agonists (such as the formerly prescribed 
diet drug d-phenfluramine) diminish feeding and 
body weight [76]. This anorectic action of brain 
5-HT is mediated via the 5HT2c receptor, and 
animals null for this receptor are obese [77]. The 
stimulation of ARC POMC neurons represents a 
major output pathway for 5HT2cR [78, 79], No 
human mutations or risk alleles have been 
identified in this pathway, however. (See also 
Chap. 3 for details on the serotonin receptor.) 


Obesity Syndromes and the Broad 
Alteration of Neural Function 

Molecular Genetic Models and Human 
Obesity Syndromes 

With the advent of gene targeting (i.e., knockout 
mice) has come the discovery that mutations in 
many genes produce unexpected changes in adi¬ 
posity. Included in these are mutations in genes 
associated with the immune system, cell mem¬ 
brane and nuclear receptors, basic cellular metab¬ 
olism, and, perhaps most prominently, neuronal 
and CNS function. The genes whose disruption 
promotes obesity but which were not previously 
associated with CNS function presumably pos¬ 
sess unrecognized roles in the neural circuits that 
contribute to the control of feeding. 

As one might expect, given the known and 
rather diverse functions of many genes whose 
disruption causes increased adiposity, many of 
these mutant mouse lines exhibit obesity within 
the context of additional phenotypes (a “syn¬ 
drome”), rather than presenting with a discrete 
lesion in energy balance. Indeed, both mouse 
models and humans null for the more pleiotropic 
players listed for the leptin and melanocortin 
pathways, above, display a complex phenotype, 
of which obesity represents only one feature. 
Since leptin controls energy utilization via a 
plethora of pathways, disruption of leptin action 
produces hypothalamic hypogonadism, hypothy¬ 
roidism, and immune defects, among other 
phenotypes [25,26,11-13], Disruption of POMC, 
which produces ACTH to control adrenal func¬ 
tion as well as peptides that control pigmentation, 
results in hypopigmentation and adrenal 
insufficiency [80]. Similarly, mice and humans 
mutant for PC 1, which control the processing and 
subsequent activity of numerous peptides in addi¬ 
tion to POMC, demonstrate hypogonadism, 
decreased growth, adrenal insufficiency, and 
hypoglycemia [54, 55]. 

Determining the mechanisms underlying the 
energy homeostasis phenotypes of mouse knock¬ 
out lines with unanticipated obesity or of human 
with pleiotropic genetic syndromes that include 
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obesity presents an enormous challenge. The 
general response to this challenge has been to 
look for the mechanism “under the streetlamp” 
by examining potential roles for known media¬ 
tors of energy homeostasis, such as leptin and the 
melanocortin axis. While a few enlightening 
observations have been made in this manner, 
most of the diagnoses of “leptin resistance” or 
observed changes in (e.g., gene expression) 
within the melanocortin system revealed in mouse 
models have fallen rather short of mechanistic 
certitude. Consequently, most mouse models 
with complex phenotypes that include unex¬ 
pected changes in adiposity have not been sub¬ 
jected to long-term follow-up. Mouse models 
that mirror known human conditions represent an 
important exception to this rule, however. 
Although it may not be practical to understand 
the molecular mechanisms underlying all obese 
knockout models in the near term, all such mod¬ 
els, whether they mirror a human condition or 
not, are potentially informative, since the propen¬ 
sity to obesity in most affected humans likely 
represents the cumulative effects of small changes 
in multiple genes [7], potentially including those 
genes that produce large and pleiotropic changes 
when completely disrupted. 

The analysis of human obesity syndromes and 
the rodent models that mirror these syndromes 
has begun to make mechanistic inroads, although 
a great deal of work remains for most of these. 
Certainly, the syndromes whose biology is best 
understood at present have in common the under¬ 
lying alteration of neurophysiology, consistent 
with the causality of CNS processes that control 
feeding relative to energy stores in the predispo¬ 
sition to obesity. 

BDNF and Its Receptor, TRKB 

Brain-derived neurotrophic factor (BDNF) is 
widely expressed in the nervous system during 
development, as well as being expressed within 
several brain regions important for energy homeo¬ 
stasis in adults [81]. It acts via its receptor, TrkB, 
to control a variety of basic neural processes, 
including proliferation, survival, and plasticity. 


Given its many important roles in the CNS, 
alterations in BDNF expression (or that of its 
receptor, TrkB) would be predicted to interfere 
with multiple processes. Indeed, humans 
haploinsufficient for BDNF display impaired 
cognitive function and hyperactivity in addition 
to hyperphagic obesity, as do mice bearing simi¬ 
lar mutations [82-84], Mutations in TRKB pro¬ 
duce similar hyperphagia and obesity in rare 
human patients, along with impaired cognitive 
function and nociception [85], 

Studies in rodent models have revealed the 
regulation of Bdnf expression within the VMH by 
nutrition (feeding vs fasting), and have suggested 
a potential role for hypothalamic BDNF in the 
control of energy balance, perhaps via action on 
TrkB in the ARC [86], Thus, BDNF action in the 
mediobasal hypothalamus may modulate food 
intake in response to physiologic changes in adult 
animals, in addition to controlling the develop¬ 
ment of many brain areas. 

Interestingly, a coding polymorphism in 
BDNF (Val66Met) is associated both with 
obesity and with binge eating disorders in 
humans, consistent with the role for BDNF/TrkB 
signaling in energy balance, and suggesting a 
broader role for this system in the genetic deter¬ 
mination of adiposity in humans [87]. Indeed, 
recent GWAS data have demonstrated an associa¬ 
tion between BZWF-linked single nucleotide 
polymorphisms (SNPs) and obesity [35]. 

Ciliopathies 

A subset of mutations causing defects in primary 
cilia also promote obesity syndromes [88, 89]. 
The primary cilium is found on most cells; while 
structurally related to motile cilia (such as 
flagella), the primary cilium is immotile and 
does not participate in propulsion. The primary 
cilium plays a crucial sensory role in cells, includ¬ 
ing cell-specific sensing, such as olfaction in sen¬ 
sory epithelium, photoreception in retinal cells, 
mechanical transduction in kidney cells, and 
signaling via a variety of cell surface receptors, 
including many GPCRs. A broad group of 
disease-causing human mutations (and induced 
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mutations in mouse models) have now been 
recognized to result from mutations in genes 
affecting ciliary functions (the “ciliopathies”). 
The clinical presentation of these diseases vari¬ 
ably includes anosmia, retinal degeneration, kid¬ 
ney malformations, and a variety of developmental 
and neural defects, many of which are idiosyn¬ 
cratic to the particular gene that is mutated. 
A number of these mutations produce obesity in 
addition to the other phenotypes noted above, 
both in mice and in humans. Included in these 
obesity-causing ciliopathies are Bardet-Beidel 
Syndrome (BBS), McKusic-Kaufman Syndrome, 
Alstrom Syndrome, and Joubert Syndrome. 

In most of these diseases, no structural defect 
in the primary cilium is observed. Rather, the 
BBS proteins, many of which associate in a 
“BBS-some” complex associated with the base 
of the primary cilium/basal body, may participate 
in the trafficking of proteins to and within the 
cilium. Indeed, mutation of Ift88, which encodes 
a protein specific for trafficking within the cilium, 
in mice results in an obesity phenotype similar to 
that produced by mutations in BBS genes [90], 
While the particular protein(s) whose impaired 
trafficking may underlie this obesity is not yet 
clear, the primary cilium is crucial for signaling 
via a variety of receptor signaling pathways, 
including the Wnt and Shh pathways, tyrosine 
kinases such as the receptor for PDGF, and 
numerous GPCRs. Such alterations could impair 
the development or function of a variety of neural 
circuits important for the regulation of energy 
balance. The receptor for MCH is also trafficked 
to the primary cilium [91]. Thus, the mechanisms 
underlying the obesity associated with mutations 
in BBS proteins and associated proteins likely 
stem from alterations in the function of multiple 
receptors in more than one type of neuron impor¬ 
tant for energy balance. 


Prader-Willi Syndrome 

Prader-Willi syndrome (PWS) presents in infancy 
with low birth weight, hypotonia and feeding 
difficulties, with a progressive transition to hyper- 
phagia and obesity starting around age 2 [92, 93], 


Additional features include short stature 
(correctible with growth hormone therapy), 
hypogonadism, characteristic behaviors (espe¬ 
cially around feeding), and often mental 
retardation. Most cases result from a 5 to 7 Mb 
deletion of an imprinted region (PWS region) on 
the paternal chromosome 15 (15qllql3). Within 
this deletion lie a number of genetic elements, 
including the genes encoding MAGEL2 and 
NECDIN, which are thought to be involved in 
neural development and function, and a complex 
noncoding locus. This noncoding locus consists 
of a transcribed noncoding gene ( SNURF- 
SNRPN) that hosts a multitude of C/D box 
small nucleolar (sno-) RNA genes, including 
SNORD116-, the RNA products of these SNORD 
genes are thought to be involved in RNA editing, 
perhaps of specific mRNA species. 

A few patients with variant PWS apparently 
resulting from smaller genetic changes with the 
larger PWS region have been described [92]; 
some of these patients have demonstrated obe¬ 
sity and developmental delay in the absence of 
many of the other features of PWS, and affect 
primarily SNORD loci, prominently including 
SNORD116, suggesting an important role for 
this SNORD in the obesity of PWS. The Snordll6 
locus has been deleted from mouse models, 
which display a growth defect and behavioral 
abnormalities, including a relative hyperphagia 
that develops after weaning, but which is bal¬ 
anced by increased activity [94] . Thus, the effects 
of SNORD116 likely contribute to the PWS, hut 
cannot account for all of the phenotypes. The 
functions of Necdin and Mcigel2 have also been 
examined in genetically targeted mouse models: 
Magel2- null mice display early growth retarda¬ 
tion with late-onset obesity, and Necdin-mxW 
mice display early postnatal respiratory failure 
along with a subset of PWS-associated behaviors 
[95-97], Thus, the full PWS likely results from 
the combined effects of multiple genes; multiple 
of the loci within the PWS region also likely 
contribute to the full obesity phenotype. It is not 
yet clear how each of the loci within the PWS 
alters neurophysiology and/or which neurons 
they might specifically affect to alter energy 
balance. 
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Other Syndromes 

A variety of other human obesity syndromes have 
been described, including Carpenter’s syndrome. 
Carpenter’s syndrome patients suffer from a 
pleiotropic set of musculoskeletal deformities, 
learning disabilities, and obesity; this syndrome 
may be attributable to defects in RAB23, which 
encodes a member of the Rab family of small 
GTPases that control intracellular trafficking 
[98, 99], Interestingly, RAB23 is involved in the 
formation of the primary cilium, as well as play¬ 
ing roles in Shh signaling [89]. 

Variably sized deletions or alterations in chro¬ 
mosome 16pll.2 are also highly associated with 
obesity in the setting of a variety of neural/cogni¬ 
tive disorders and other variable phenotypes 
that may correlate with the size of the deletion 
[33, 34], While the deletion locus may encom¬ 
pass or lie near SH2B1, the essential gene(s) of 
the approximately 30 genes affected in subjects 
with this deletion syndrome remains to be 
determined. 


Other Risk Alleles Identified 
in Humans 

The sequencing of multiple human genomes has 
permitted the detection and cataloguing of com¬ 
mon SNPs throughout the human genome [7, 35], 
This information has, in turn, enabled large-scale 
studies for linkage between huge numbers of 
SNPs and a variety of disease-associated pheno¬ 
types, such as obesity, in GWAS. Over 40 loci 
linked to increased measures of adiposity have 
been identified at this time, and are more likely to 
be identified as cohorts become larger, analysis 
becomes more sophisticated, and especially once 
whole-genome sequencing becomes the standard 
for such studies [35]. Several of the loci shown to 
associate with obesity in GWAS fit into the sys¬ 
tems discussed above: roles for MC4R, SH2B1, 
and BDNF loci have been detected and replicated 
in numerous cohorts of people. Furthermore, the 
products of many of the most highly replicated 
loci are clearly associated with neuronal func¬ 
tion: TMEM18 is a transmembrane protein that is 


highly expressed in neural tissues and has been 
implicated in neuronal migration [100]; NEGRI 
is a GPI-linked cell adhesion molecule that con¬ 
trols neuronal growth [101, 102]; SEC16B is an 
ER membrane protein that controls the transport 
of vesicles important for the function of some 
neurons [103]; FAIM2 is a fas inhibitor that plays 
an anti-apoptotic role in the CNS, and has a role 
in neural protection during ischemia [104], 

The function of many additional genes linked 
to adiposity remains unclear, however. Highly 
replicated loci include ETV5, which encodes an 
ETS family transcription factor that controls the 
expression of matrix metalloproteinases, and 
GNPDA2, which encodes a glucosamine-6- 
phosphate deamidase [35]. Indeed, the locus with 
the strongest linkage to adiposity and which con¬ 
tributes the largest amount to the genetic compo¬ 
nent of polygenic human obesity, FTO, remains 
mysterious in terms of its physiologic function (it 
appears to be a DNA demethylase) [105, 106], 
Indeed, the FTO locus overlaps substantially with 
FTM, which encodes a protein involved in pri¬ 
mary cilium function [107,108], FTO is expressed 
in the brain, including in hypothalamic feeding 
centers, however, where its expression is modu¬ 
lated by leptin and feeding status [107, 108]. 
Furthermore, its role in controlling food intake 
and body weight is suggested not only by GWAS 
results, but also from the phenotype of FTO-null 
mice, which are lean [109]. In contrast, mice 
ubiquitously overexpressing FTO or overexpress¬ 
ing FTO in the brain demonstrate increased food 
intake and adiposity [110]. Thus, while a great 
deal remains to be learned about how the FTO- 
associated SNPs may contribute to brain function 
and the control of body weight, the evidence sug¬ 
gests that it is important and has much to teach us 
about the systems that control energy balance. 


Conclusion 

Stemming from the study of spontaneous single¬ 
gene mutations that cause obesity (both in rodents 
and in humans), the results of mouse molecular 
genetic studies, and new human genetic associa¬ 
tion data, our understanding of the systems that 
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control energy balance has burgeoned over the 
past few years. While we still have a great deal to 
learn, roles for leptin and melanocortin signaling, 
along with modifying systems and genes acting 
upstream and downstream of ARC melanocortin 
neurons, have been revealed. Similarly, contribu¬ 
tions for BDNF signaling, along with those of 
numerous other mediators of neural function dis¬ 
covered by rodent and human genetics, demon¬ 
strate the primacy of CNS systems for the control 
of energy balance—consistent with our under¬ 
standing of the underlying physiology. Given the 
primitive nature of our conception of these sys¬ 
tems and the plethora of new, poorly understood, 
loci associated with altered energy balance, the 
next decade can only be more enlightening than 
the last. 
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Abstract 

Accumulating evidence suggests that short sleep is associated with both 
concurrent and prospective obesity risk in children. Although recent stud¬ 
ies point to potential mediators and moderators of the sleep weight asso¬ 
ciation in children, it is unclear whether enhancing children’s sleep duration 
could significantly impact weight status. The present chapter reviews the 
existing literature on sleep and obesity risk in children, and highlights 
areas in need of additional work in an effort to determine whether enhanc¬ 
ing children’s sleep will help to combat the current obesity epidemic. 


Introduction 

Pediatric obesity has reached epidemic propor¬ 
tions. The most recent estimates indicate that 
15% of U.S. children 2-19 years old are over¬ 
weight (BMI>85th percentile, but less than the 
95 th percentile for age and gender) and an addi¬ 
tional 17% are obese (BMI>95th percentile) [1], 
Although trends for obesity appear to have 
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leveled off over the past 10 years [1], current 
estimates represent a threefold increase in pediat¬ 
ric obesity over the past 30-40 years [1-3]. The 
most recent estimates show that groups at great¬ 
est risk of being obese include those from ethnic 
minority backgrounds and older children and 
adolescents [1]. 

The negative health and psychosocial conse¬ 
quences associated with being obese as a child 
and adolescent are clear. Health risks include 
impaired glucose tolerance [4], insulin resistance 
[5], development of type 2 diabetes [6-8] and 
metabolic syndrome [9], high diastolic and systolic 
blood pressure, left ventricular hypertrophy, 
atherosclerosis [7, 10], asthma [11], and nonalco¬ 
holic fatty liver disease [7]. Psychosocial risks 
include decreased health-related quality of life 
[12, 13], decreased physical self-worth, higher 
body dissatisfaction [14, 15], and increased risk 
of teasing and/or peer victimization [16, 17]. 
Collectively, the evidence highlights the urgency 
of developing effective prevention and intervention 
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programs to change weight trajectories in children 
and adolescents. 

A number of prevention and intervention 
approaches targeted at healthier eating and activ¬ 
ity behaviors and weight status have been evalu¬ 
ated. To date, prevention approaches that combine 
modification of diet and physical activity in 
school settings have demonstrated promise [18]. 
However, as a whole, there has been considerable 
variability in terms of their effectiveness for 
weight-related outcomes [19]. In contrast, fam¬ 
ily-based pediatric intervention approaches that 
combine dietary and physical activity prescrip¬ 
tions with the use of behavioral strategies are 
considered empirically supported and efficacious 
[20] with some evidence for long-term changes 
in weight status [21], Furthermore, at least for 
certain adolescent populations, there is some 
evidence supporting the effectiveness of both 
medication and surgery [20, 22], 

Although there is empirical support for a num¬ 
ber of strategies outlined above, it is important to 
note that most children remain overweight and 
obese despite best efforts. This has led to recent 
interest in identifying novel targets-beyond eat¬ 
ing and activity behaviors—that may play a role 
in this growing epidemic and thus could be tar¬ 
geted by future interventions [23]. One factor 
that has received considerable attention over 
the past few years is children’s sleep duration. 
A growing body of research suggests that sleep 
duration is associated with children’s obesity 
risk, and thus may represent a novel treatment 
target for future intervention. This chapter will 
review this evidence, and highlight areas for 
future research to determine whether enhancing 
children’s sleep would help to change weight tra¬ 
jectories and thus produce benefits for down¬ 
stream health and psychosocial outcomes. 


Increasing Rates of Obesity 
and Decreasing Sleep Duration: 
Co-occurring Phenomena 

At the most basic level, as the number of children 
in this country who are overweight and obese has 
risen, reported nocturnal sleep duration has 


decreased. A recent review of international studies 
using data from 1905 through 2008 found that 
sleep in children 5-18 years old has declined [24], 
Specifically, findings demonstrated that nightly 
sleep decreased by 0.75 nightly min per year over 
the 103-year period with the greatest decreases in 
sleep length found in the United States, Canada, 
Europe, and Asia. Additional studies demon¬ 
strated decreases in children’s sleep over the past 
20-30 years [25, 26]— the period of time during 
which the proportion of children who are over¬ 
weight and obese has increased threefold [1-3], 
Currently, children are reported to sleep about 
9.50 h each night [27-29], While these estimates 
are based on parent- and self-report, they are 
largely supported by objective measures of sleep. 
One large cohort study of school-age children 
that used home polysomnography showed that 
children 6-11 years old obtained 8.45-9.25 h of 
nightly sleep [30]. It is important to note that all 
of these estimates of average sleep fall below 
expert recommendations (i.e., 10-11 h of sleep/ 
night) [31, 32], suggesting that on average 
children may not be obtaining sufficient sleep 
each night. 

It has been argued that changes in sleep 
duration over time likely reflect changes in life¬ 
style rather than a biological need for less sleep 
[33, 34], Lifestyle changes that are often impli¬ 
cated in changes in sleep length include 
increased use of technology, busier lifestyles, 
and changes in parental attitudes toward chil¬ 
dren’s sleep needs [33, 24, 34], Taken together 
with findings documenting high levels of self- 
reported daytime sleepiness in school-age chil¬ 
dren [35] as well as discrepancies in children’s 
sleep length on weekdays and weekends (when 
they can sleep more) [29, 36], it appears that 
children may need more sleep than they are 
obtaining. These findings combined with addi¬ 
tional evidence documenting that children who 
are reported to sleep less are identified as hav¬ 
ing greater cognitive difficulties than their more 
rested counterparts, including problems with 
attention and memory, and decreased process¬ 
ing speed [37] make a compelling case against 
biology and in favor of other factors such as 
lifestyle changes. 
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Pediatric Epidemiological Studies 
Assessing Short Sleep and Weight 
Status 

Beyond these noted temporal changes in sleep 
and weight status, a growing body of evidence is 
available to support an association between sleep 
duration and obesity risk. While studies contrib¬ 
uting to this literature have not been designed to 
assess causality, the consistency among findings 
is striking. Two recent meta-analyses suggest that 
across reviewed studies, children with shorter 
sleep were 56-89% more likely to be obese than 
their more rested counterparts [38, 39]. Findings 
are particularly notable given that studies were 
conducted in 16 different countries with children 
from birth to 19 years of age, using both cross- 
sectional and prospective research designs, and 
controlling for a number of potential confound¬ 
ing factors [40]. Cross-sectional and prospective 
studies that have assessed the association between 
sleep duration and obesity risk are reviewed 
below. For a more detailed review of individual 
studies, the reader is referred to a number of 
recent reviews and meta-analyses [38—41]. 


Cross-Sectional Studies 

One of the first studies to assess the association 
between children’s sleep duration and obesity 
risk was conducted almost 20 years ago [42], 
That study found that 5-year-old children sleep¬ 
ing less than 11 h/night were at a 40% increased 
risk for being obese than children sleeping 11 h 
or more/night. Subsequent studies have largely 
confirmed these early findings [38-41], 

For example, in a sample of 4-year-old chil¬ 
dren, Anderson and Whitaker [43] found that 
compared to those who slept less than 10.5 h/ 
night, those who slept more had a 14% reduced 
risk of being obese-even after accounting for a 
number of factors such as child age and gender, 
maternal BMI and education, screen time, and 
poverty status. Although most cross-sectional 
findings are limited by self-reported (or caretaker- 
reported) sleep length, two studies that used 


actigraphy to measure sleep length found consistent 
results. Using one night of actigraphy, Nixon and 
colleagues [44] found that for 7-year-olds, those 
who slept less than 9 h/night had over a threefold 
increased risk of obesity than those who slept 9 h or 
more. Similarly, a study with children 11-16 years 
of age found that for each additional hour of sleep 
(as measured by one night of actigraphy), the risk 
of obesity decreased by 80% [45], 

In addition to risk for overweight and obesity, 
more recent studies assessed the association 
between sleep duration and other indices of body 
composition, including more precise measures of 
body fat. Findings regarding the effect of sleep 
duration on measured body fat are generally con¬ 
sistent with those that assessed BMI. Two studies 
using bioimpedance assay (BIA) found that 5- to 
7-year-old children who slept less had higher per¬ 
centages of body fat than those who slept more 
[44, 46]. An additional study which used dual¬ 
energy X-ray absorptiometry (DEXA) with ado¬ 
lescent twins found that females who slept less 
had higher total and truncal body fat and less lean 
mass [47]. However, these findings were not 
consistent in males. Studies in regards to waist 
circumference have been less consistent than 
those using BMI or percent body fat as out¬ 
comes, although there is some indication that 
shorter sleep is associated with higher waist 
circumference [47-50]. 


Prospective Studies 

Prospective studies are consistent with cross- 
sectional findings. For example, one study with 
children 3-18 years old found that for each addi¬ 
tional hour of sleep reported at the first assess¬ 
ment, there was a 0.75 kg/m 2 decrease in BMI at 
follow-up [28], Furthermore, a study that assessed 
sleep patterns across the toddler and preschool 
years (2.5-6 years old) found that children who 
were persistently short sleepers had almost a 
threefold increased risk of obesity when they 
were 6 years old [51]. An additional study dem¬ 
onstrated that the association between short sleep 
and obesity risk may be particularly pronounced 
in younger children. Bell and Zimmerman [52] 
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found that for children birth-4 years, sleeping 
less at night was associated with increased risk of 
overweight and obesity 5 years later. Interestingly, 
they found no influence for daytime sleep on later 
obesity risk. They also found no association 
between sleep and obesity for the older cohort of 
children 5-13 years of age. Additional prospec¬ 
tive studies have demonstrated temporal associa¬ 
tions between childhood sleep and obesity risk in 
adolescence and adulthood. For example, Seegers 
and colleagues [53] found that each hour less of 
nightly sleep at 10 years of age was associated 
with an increased risk of overweight and obesity 
at 13 years of age. Even more striking, Landhuis 
and colleagues [54] found that nightly sleep dur¬ 
ing childhood (from 5 to 11 years of age) was 
associated with obesity risk at 32 years of age. 
Thus, prospective studies have documented that 
sleep duration is not only associated with concur¬ 
rent, but future risk of obesity as well. 


The Association of Other Sleep 
Parameters with Obesity Risk 

Most cross-sectional and prospective pediatric 
studies to date have focused on the potential role 
of duration of sleep on obesity risk. However, 
there is ample evidence from animal models sug¬ 
gesting that circadian clocks play an important 
role in metabolism and obesity [55]. Thus, more 
recent studies have begun to assess the associa¬ 
tion between additional sleep parameters and 
obesity risk, including the timing and variability 
of sleep [56-59]. With one notable exception 
[57], studies have found that later bedtimes 
(as opposed to rise times) are associated with 
increased obesity risk [28, 56, 58, 59], Sleep 
irregularity may also be associated with obesity 
risk. One study found that children who were 
reported by parents to have irregular sleeping 
habits between 2 and 4 years of age had a higher 
risk of obesity in young adulthood [60], Findings 
persisted even after adjustment for a number of 
potential confounding variables such as child 
sex, maternal BMI, dietary patterns during ado¬ 
lescence, and television viewing. 


There is additional evidence that discrepancies 
in sleep length on weekdays and weekends may be 
associated with obesity status. In a community 
cohort study of children 4—10 years old, obese 
children not only slept less, but more variably on 
weekends than on weekdays [61]. Children with 
shorter and more variable sleep also had greater 
metabolic dysfunction in this study, including 
higher C-reactive protein levels and altered insulin 
and low density lipoprotein [61]. An additional 
study showed that children who persistently slept 
8 h or less on weekdays and weekends or on week¬ 
days and during holidays were at greater risk for 
obesity than children who compensated for short 
sleep on weekends or holidays [62], Finally, one 
recent study found that females (but not males) in 
high school who slept in on weekends had lower 
body fat and a healthier weight status than those 
who did not [63], Thus, in addition to sleep dura¬ 
tion, it may be important to assess variability in 
sleep length as an additional risk for obesity. 


Pathways Through Which Sleep 
May Influence Obesity Risk 

Studies reviewed above provide compelling 
evidence for a potential role of sleep, particularly 
sleep duration, on obesity risk. With this path 
now well established, more recent studies have 
begun to assess the potential pathways through 
which sleep may influence weight status. A num¬ 
ber of pathways have been proposed [40, 41, 64], 
Because of their role in energy balance, eating 
and activity behaviors have been variables of 
high interest. Driven by key findings from experi¬ 
mental studies with adults, the influence of sleep 
duration on appetite regulation (due to metabolic 
changes in appetite regulating hormones) and 
eating behaviors have been of particular interest. 
In addition to mediating pathways, there may be 
shared underlying causes for both short sleep and 
obesity in children [65], Two that have been pos¬ 
tulated are low socioeconomic status (SES) and 
stressors associated with low SES [66], and less 
effective parenting styles [65]. Each of these 
areas will be discussed briefly below. 
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Physiological Changes That Could 
Affect Eating Behaviors 

Evidence from experimental studies with adults 
point toward plausible physiological pathways 
through which sleep could influence eating 
behaviors and obesity risk. Although to date, we 
are unaware of similar published studies with 
children (although studies are ongoing at present), 
tentative inferences can be made to help provide 
a framework from which to understand the sleep- 
weight relationship in children. A review of this 
experimental work with adults is beyond the 
scope of this chapter (please see Chap. 10); how¬ 
ever, it is relevant to note that the secretion of a 
number of hormones is influenced by sleep [67], 
In particular, two hormones involved in appetite 
regulation [68-70]— leptin and ghrelin—have 
been implicated as possible mediators of the 
association between sleep and obesity status. 
Studies have documented that levels of circulat¬ 
ing leptin decrease [71, 72] and levels of ghrelin 
increase [71, 73] upon sleep restriction (com¬ 
pared to sleep extension). Although experimental 
studies with children have yet to be published, 
extant correlational research with children dem¬ 
onstrate that short sleep is associated with a num¬ 
ber of physiological and metabolic changes such 
as lower fasting C-peptide [74], hyperglycemia 
[75], and higher fasting insulin, peak insulin, and 
insulin resistance [76]. Thus, findings from adult 
studies may be of relevance for our understand¬ 
ing of how sleep influences obesity risk in chil¬ 
dren as well. 


Eating Behaviors 

Beyond metabolic changes, recent pediatric stud¬ 
ies have begun to focus on the association 
between sleep and eating behaviors. In a large 
sample of school-aged children, shorter sleep 
was associated with greater consumption of 
energy-dense foods (e.g., pizza and refined sug¬ 
ars), particularly in boys and on weekdays [77], 
An additional study with children found that when 
parent report of child overeating (at 6 years old) 
was removed from the statistical model to predict 


BMI, there was a small increase in the odds for 
children classified as “short persistent” sleepers 
to be obese, which suggests that eating pathways 
may mediate the association between sleep and 
obesity risk [51]. At least two additional studies 
have been conducted with adolescents. In the 
first, adolescents with more daytime/less noc¬ 
turnal sleep reported greater food cravings [78]. 
A second study found that adolescents with shorter 
weekday sleep duration (as measured with actig- 
raphy) reported consuming a higher percentage of 
calories from fat and lower percentage from car¬ 
bohydrates [79]. Thus, evidence to date provides 
some support for a potential role of eating behav¬ 
iors in the sleep-obesity relationship. However, 
these findings can only speak to the associative 
links between sleep and eating behaviors, and 
cannot demonstrate that enhancing sleep in chil¬ 
dren will influence what they eat. 


Activity Behaviors 

Most studies to date have focused on eating path¬ 
ways. However, there is some evidence support¬ 
ing an association between sleep and both 
sedentary and physical activities. Several studies 
demonstrate that television (TV) viewing and 
having a TV in the bedroom is negatively associ¬ 
ated with good sleep hygiene. For example, one 
study with school-age children found that having 
a TV in the bedroom, watching TV around bed¬ 
time, and daily TV viewing were associated with 
bedtime resistance and sleep onset delay as well 
as short sleep duration [80]. A second study with 
toddlers found that increased TV viewing was 
associated with irregular nap and bedtime sched¬ 
ules [81], Studies with adolescents are consistent. 
Having a TV in the bedroom and watching more 
TV was associated with later bedtimes on week¬ 
days and weekends, later rise times on weekends, 
and less time spent in bed [82], Similarly, watch¬ 
ing more television during adolescence was asso¬ 
ciated with an increased risk of developing sleep 
problems during young adulthood [83]. When 
considered in light of data demonstrating an asso¬ 
ciation between TV viewing and obesity risk 
[84-86] and the effectiveness of decreasing TV 
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viewing to enhance weight loss [87-89], sedentary 
behaviors such as TV viewing seem like impor¬ 
tant factors that may link sleep duration with 
children’s weight status. However, it is unclear 
whether sedentary behaviors mediate associations 
between short sleep and obesity risk or represent 
a common underlying cause of both of these 
conditions. 

Although several studies have assessed the 
impact of technology and sedentary behaviors on 
children’s sleep, less is known regarding the 
association between sleep and engagement in 
physical activity, particularly how sleep duration 
affects children’s subsequent engagement in 
physical activity. One study with adolescents 
found that sleep duration was positively associ¬ 
ated with engagement in exercise [90]. However, 
at least one additional study found no association 
between sleep duration and physical activity [45], 
There is some evidence from experimental stud¬ 
ies with adults that sleep restriction may affect 
subsequent engagement in physical activity [91, 
92], although not all studies have found this effect 
[93], Clearly, more work needs to be done to 
determine whether changing children’s sleep— 
either through experimental manipulation or 
intervention approaches—leads to subsequent 
changes in sedentary and physical activities. 


Shared Underlying Causes of Short 
Sleep and Obesity Risk 

Although most research has focused on short 
sleep leading to obesity risk, it is also possible 
that other, third variables may influence both 
short sleep and obesity in children [65]. van 
Cauter and Spiegel [66] proposed that sleep may 
mediate the association between socioeconomic 
status and health (including obesity). In fact, one 
pediatric study found that economic strain (i.e., 
presence of a number of economic difficulties 
within the past 12 months) was associated with 
later bedtimes in children [94], However, this 
finding was not significant in adolescents and 
was not associated with the total number of hours 
that children or adolescents were reported to 
sleep [94], Additional studies demonstrate that 


individuals from lower SES backgrounds are at 
increased risk for being obese [95, 96], Thus, 
socioeconomic factors may underlie problems 
with both sleep and obesity. However, additional 
studies are needed to demonstrate exactly how 
SES may influence both sleep and weight status. 

In addition to socioeconomic conditions, par¬ 
enting style may play an important role in deter¬ 
mining both risk of short sleep and obesity in 
children. There is some evidence that parenting 
factors, including parenting style, perceived 
warmth, and the number of family rules are asso¬ 
ciated with sleep quantity and quality in children 
and adolescents [97]. For example, one study 
found that, for school-age children, greater paren¬ 
tal warmth was associated with more weekday 
sleep, and that for adolescents, stricter household 
rules were associated with greater weekday sleep, 
which was likely due to implementation of ear¬ 
lier bedtimes [94], Similarly, emergent data sug¬ 
gest that an authoritative parenting style may be 
protective against obesity risk [98], and that use 
of positive reinforcement and monitoring are 
positively associated with healthier eating and 
activity habits in children [99], Beyond parenting 
style per se, it is interesting to note that effective 
intervention strategies for both short sleep and 
obesity include the use of behavioral strategies 
that enhance the appropriate use of parental limit 
setting, and promote the use of positive reinforce¬ 
ment and monitoring of key behaviors [100], 
Thus, further exploration of the role of parenting 
behaviors in both short sleep and obesity risk, 
particularly given their relevance for effective 
behavioral interventions, seems warranted. 


Summary and Review of Study 
Limitations 

In sum, accumulating evidence provides strong 
support for an association between short sleep 
and obesity risk in children with meta-analyses 
demonstrating a significant effect of short sleep 
on pediatric obesity risk [38, 39]. Recent studies 
have provided additional support for this asso¬ 
ciation by demonstrating that sleep duration is 
associated with hypothesized mediators of the 
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sleep-weight relationship, and by pointing toward 
additional factors which may moderate the 
influence of sleep on obesity risk (and thus may 
account for some discrepancies in study findings 
to date). In addition, there is evidence that com¬ 
mon underlying factors may also link short sleep 
with obesity risk in children. While research 
demonstrating possible pathways through which 
sleep may influence obesity risk are provocative, 
considerable work remains prior to determining 
whether enhancing sleep will help curb the cur¬ 
rent obesity epidemic. 

In an effort to inform future research, it is 
important to note limitations of previous work. 
Perhaps, the two key methodological limitations 
of previous studies are the reliance upon epide¬ 
miological work to support a link between sleep 
and obesity risk in children, and the almost exclu¬ 
sive reliance on parent- or self-report of sleep [38, 
40, 65], Although several large studies have 
assessed prospective associations between sleep 
and obesity and have controlled for confounding 
factors that could influence the association 
between these variables over time, they cannot 
demonstrate that less sleep causes increases in 
weight status, and hence obesity. Clearly, experi¬ 
mental and intervention studies with children in 
which sleep length is carefully manipulated (or 
lengthened with effective treatment approaches) 
are needed. More studies using objective mea¬ 
sures of sleep such as actigraphy and polysom¬ 
nography are also needed to strengthen confidence 
in the reliability and validity of previous findings. 

Beyond these two key limitations, it is also 
important to note some inconsistencies across 
studies. First, not all studies found a dose- 
response association between sleep duration and 
obesity risk. For example, one study with chil¬ 
dren 2-4 years old found that compared to sleep¬ 
ing greater than 11 h each night, sleeping 9-10 h 
each night was associated with a 34% increased 
risk of obesity [57], However, sleeping less than 
9 h per night was not associated with increased 
risk. In addition, one study found that how sleep 
was measured (i.e., self-report or time diary self- 
report) influenced whether a significant associa¬ 
tion was observed between sleep duration and 
obesity [101]. Furthermore, an additional recent 


study found that despite significant bivariate 
associations between sleep and obesity status, 
multivariate results showed that sleep duration 
was not independently associated with a child’s 
risk of being obese [102], Although the prepon¬ 
derance of data suggests a significant association 
between sleep and children’s weight status, the 
above-noted limitations and inconsistencies 
speak to the need to think critically about the 
design of future work, including consideration of 
key factors that may influence study findings. 


Areas for Future Research 

Based on the previous work, a number of areas in 
need of future research seem warranted. Perhaps, 
most importantly, future studies need to move 
beyond epidemiological work by using experi¬ 
mental designs and interventions to actively 
manipulate children’s sleep duration [40, 65]. 
Experimental and intervention studies need to 
focus not only on the main outcome of obesity, 
but also on a number of other relevant factors, 
including mediators and moderators of the sleep- 
weight relationship. Future work also needs to 
consider other underlying mechanisms, which 
may influence both sleep and weight status. 
Finally, consideration of other sleep parameters 
such as variability in sleep-wake schedules could 
broaden our understanding of how sleep 
influences children’s obesity risk. Each of these 
areas will be reviewed briefly below. 

Need to Better Understand the Role 
of Sleep Timing 

Findings from recent work suggesting that con¬ 
sistency in sleep across weekdays and weekend 
days may confer protection against obesity risk 
are interesting. The premise that variability in 
sleep could influence weight status is supported 
by research on the influence of the circadian sys¬ 
tem on appetite regulation [55]. Experimental 
studies may be particularly useful for better under¬ 
standing how variability versus duration (or their 
combination) may influence eating, activity, and 
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weight status in children. Furthermore, the idea 
that “catching up” on sleep on weekends and holi¬ 
days can confer protection against obesity risk in 
children [62] is one that merits future study. In 
particular, it will be important to better understand 
the potential benefit of “catch-up” sleep for obe¬ 
sity risk versus the importance of consistency in 
sleep-wake habits (a common component of sleep 
hygiene recommendations) in the promotion of 
healthy sleep in children [40], 


Exploration of Mediators, Moderators, 
and Underlying Common Mechanisms 

Research studies to date have provided some inter¬ 
esting findings regarding possible mediators and 
moderators of the sleep-weight association. First 
and foremost, future experimental and interven¬ 
tion studies need to explore how changes in sleep 
influence subsequent eating and activity behav¬ 
iors. Thus far pediatric findings linking sleep with 
these potential mediators have been based on 
cross-sectional, observational studies. However, 
mounting experimental work with adults suggests 
that short sleep may influence both subsequent 
eating and engagement in activity [91-93, 103, 
104], It will be important to demonstrate whether 
similar effects (including metabolic changes) are 
evident in pediatric populations. 

In addition, it will be important to determine 
whether certain factors may moderate the asso¬ 
ciation between short sleep and obesity risk. This 
is particularly important as it can speak to specific 
populations who may benefit the most from a 
sleep intervention targeted at decreasing weight 
status. Studies to date suggest two potential vari¬ 
ables to consider in future work: child age and 
sex. Reviews of studies across the lifespan dem¬ 
onstrate that associations between sleep and obe¬ 
sity risk are stronger in children than in adults, 
and in younger as opposed to older adults [38, 41], 
Within pediatric studies, a dose-response asso¬ 
ciation between sleep and obesity risk was found 
only in children younger than 10 years of age 
(although additional analyses did not demonstrate 
a stronger association between sleep and obesity 
risk in younger children) [39], Moreover, subse¬ 


quent work found that the association between 
sleep duration and obesity risk was stronger in 
younger children [52, 105]. Thus, whether inter¬ 
ventions to enhance sleep should target younger 
children is a plausible question in need of future 
work. 

In addition to age, gender may moderate the 
association between sleep length and obesity risk. 
A recent meta-analysis found that the association 
between sleep and obesity risk was stronger in 
boys than in girls [39], A subsequent study sup¬ 
ported this finding [48] while two additional 
studies that were published following the meta¬ 
analysis found the opposite effect [49, 106]. 
Given the potential influence of age and gender 
as well as the role of sleep in hormone regulation, 
it is possible that some of the effects evidenced 
for both gender and age may be related to devel¬ 
opmental maturation and pubertal status. 
However, the role of pubertal development has 
largely remained unexplored. 

Associations between short sleep and obesity 
risk may also be explained by common underly¬ 
ing factors [65]. Although studies to date have 
primarily focused on how lengthening sleep can 
improve weight status, cross-sectional associa¬ 
tions between sleep and weight status also sup¬ 
port the potential utility of addressing both short 
sleep and obesity as comorbid conditions in need 
of treatment [40, 100], As noted previously in 
this chapter, a number of factors point to the 
potential utility of targeting parenting behaviors 
to address both sleep duration and obesity risk. 
Behavioral interventions for sleep disturbance 
and obesity share the use of key parenting strate¬ 
gies, including positive reinforcement, appropri¬ 
ate limit setting, and self-monitoring [40, 100], 
Interventions designed for young children may 
benefit the most from parenting interventions. 
Young children are particularly dependent upon 
parents to have their needs met, and in this way 
parent behaviors are highly influential in shaping 
lifestyle behavioral habits and routines. Taken 
together with data suggesting that young children 
may be at higher risk for the effects of short sleep 
on obesity risk [39, 52, 105] as well as recommen¬ 
dations for less intensive obesity interventions 
with younger children [107], targeting the use of 
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key parenting behaviors that could influence both 
sleep and obesity risk may be particularly rele¬ 
vant to this age group. In fact, it is notable that a 
recent, effective multicomponent intervention 
designed to decrease obesity risk in infants 
included parenting and sleep components [108], 


Conclusion 

Shortened sleep duration is associated with both 
concurrent and future risk of obesity in children. 
Although recent studies have documented poten¬ 
tial mediators and moderators of the sleep-weight 
association in children, it remains unclear whether 
enhancing children’s nightly sleep will help to 
curb the current obesity epidemic. Experimental 
and intervention studies that change children’s 
sleep length and assess how these changes 
influence eating, activity, and weight status are 
greatly needed. Studies that also aim to identify 
individuals at greatest risk of the influence of 
short sleep on weight status will also help to 
focus work at those in greatest need. 
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Circadian Misalignment and Sleep 
Disruption in Shift Work: 
Implications for Fatigue and Risk 
of Weight Gain and Obesity * 


Rachel R. Markwald and Kenneth P. Wright Jr. 


Abstract 

The interplay of circadian timing and metabolic physiology represents a 
new frontier in biomedical research. Emerging evidence from animal 
models indicates that circadian physiology impacts weight gain, including 
the observation of obesity in clock gene mutants and most recently the 
finding that food intake restricted to the habitual sleep time of mice leads 
to weight gain as compared to the same amount of food intake during the 
normal wake episode. Eating at night is common in work schedules with 
long work hours and with work operations during the nighttime hours 
(e.g., health care, emergency response, security personnel) and in circa¬ 
dian sleep disorders including, but not limited to, shift work disorder. Shift 
work and shift work disorder are associated with circadian misalignment, 
sleep disruption, and fatigue, all of which may contribute to weight gain 
and obesity via the modification of feeding hormones and perhaps total 
daily energy expenditure. Future research is needed to explore the impact 
of circadian misalignment/sleep disruption and the resulting fatigue on 
metabolic physiology in shift workers, the mechanisms underlying this 
association and to develop effective countermeasures to promote shift 
worker health and well-being. 
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Introduction 

Emerging evidence from animal models indicates 
a fundamental interplay between circadian and 
metabolic physiology that may have important 
implications in understanding metabolic health 
and disease [1,2], The role of the circadian time¬ 
keeping system in coordinating physiological 
and behavioral events so that they occur at an 
appropriate environmental time of day is widely 
recognized (e.g., sleeping during the solar day 
and activity at night for nocturnal species). 


P.J. Shiromani et al. (eds.). Sleep Loss and Obesity: Intersecting Epidemics, 

DOT 10.1007/978-l-4614-3492-4_8, © Springer Science+Business Media, LLC 2012 


101 






102 


R.R. Markwald and K.P. Wright Jr. 


Our understanding of how the circadian timing of 
physiological events is critical for health repre¬ 
sents an important emerging field of study in bio¬ 
medical research. Circadian clock genes are now 
recognized to exist in central and peripheral tis¬ 
sues outside of the core circadian clock of the 
hypothalamic suprachiasmatic nucleus (SCN). 
For example, clock genes are present in brain 
regions regulating endocrine physiology and in 
peripheral metabolic tissues including adipose, 
liver, muscle, and pancreas [3-8]. Based on the 
findings from animal models, we are beginning 
to understand how circadian misalignment and 
disruption of circadian clock genes lead to 
impaired tissue function, risk of obesity, meta¬ 
bolic syndrome, and diabetes [1, 2, 9]. Shift 
workers are at a higher risk of developing obesity 
and diabetes [10-14] compared to their day¬ 
working counterparts. Night eating syndrome is a 
disorder associated with obesity where the pro¬ 
portion of calories eaten at night after dinner is 
high (e.g., >50% after 7 pm) [15-17], Circadian 
misalignment is associated with disturbed sleep, 
and sleep loss is recognized as a risk factor for 
weight gain, obesity, and diabetes. This chapter 
provides an overview of the interplay between 
circadian, sleep, and metabolic physiology from 
experimental animals to humans and provides a 
working model for how circadian disruption may 
contribute to weight gain and obesity primarily 
focusing on circadian misalignment during 
shift work. 


Circadian Clock and Sleep- 
Wakefulness Homeostasis Interact 
to Regulate Daily Activity Patterns 

Arousal systems located in the brain stem, basal 
forebrain, and hypothalamus promote wakeful¬ 
ness, while inhibition of these systems promotes 
sleep (see Chap. 3 for details). These arousal sys¬ 
tems are under homeostatic [18-21] and circa¬ 
dian control [22, 23] (see Chaps. 1 and 2 for 
details regarding the biological clock). In gen¬ 
eral, sleep homeostasis builds up with increased 
duration of wakefulness. It has been reported that 
the metabolic byproduct of energy utilization, 


adenosine, is a sleep factor that reflects 
homeostatic sleep drive, rising with increased 
time awake, dissipating during sleep, and 
influencing brain regulatory wakefulness/sleep 
centers [21, 24, 25]. Thus, sleep and metabolic 
systems are integrated at the molecular level. 
When daily sleep need is not met, homeostatic 
sleep drive is increased resulting in fatigue and 
impaired alertness and performance. In addition, 
the SCN regulates near-24-h rhythms or circa¬ 
dian rhythms in brain arousal [26, 27]. Rhythms 
of the pineal hormone melatonin and body tem¬ 
perature are the most commonly used marker 
rhythms driven by the circadian clock in humans. 
Low melatonin and high body temperature levels 
represent the biological day, whereas high mela¬ 
tonin and low body temperature levels represent 
the biological night (Fig. 8.1). During the bio¬ 
logical day, the clock system promotes wakeful¬ 
ness and associated functions (e.g., activity, 
energy intake) and during the biological night, 
the clock system promotes sleep and associated 
functions (e.g., rest, energy conservation) [28]. 
Misalignment between sleep and wakefulness 
schedules and the internal circadian timing sys¬ 
tem occurs in many occupational schedules in 
today’s 24-h society. This misalignment occurs 
because the internal biological time keeping 
system of most shift workers does not appear to 
easily adapt to working at night [29, 30]. Rotating 
and permanent shift workers and travelers who 
rapidly cross multiple time zones are com¬ 
monly awake during the biological night when 
levels of the sleep-promoting hormone melatonin 
are high. 


Circadian Misalignment 

Circadian misalignment can be defined by an 
altered relationship between sleep and wakeful¬ 
ness timing relative to internal circadian timing. 
Such circadian misalignment is common in work 
operations with long work hours and work opera¬ 
tions during the nighttime hours (e.g., health care, 
emergency response, security personnel) and in 
circadian sleep disorders. For shift workers in 
particular, inappropriately timed exposure to 
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Fig. 8.1 High circadian-driven melatonin levels and low 
core body temperature levels represent the biological 
night. Circadian rhythms in melatonin and body tempera¬ 
ture are two commonly used markers of the phase of the 
internal circadian clock. The biological night is associated 

natural and artificial environmental light are 
hypothesized to be primary factors that impede 
adaptation of the human circadian clock to shift 
work schedules [31]. During circadian misalign¬ 
ment, sleep is often attempted during the 
biological day when levels of the clock-driven 
sleep-promoting hormone melatonin are low and 
wakefulness occurs during the biological night 
when endogenous melatonin levels are high. We 
and others have shown that circadian misalign¬ 
ment leads to impaired cognition [32, 33], dis¬ 
turbed sleep [32, 34-36], and altered feeding 
hormones [37, 38]. 

Findings from animal studies also indicate 
that circadian misalignment can occur as a result 
of a change in the relative timing of circadian- 
driven molecular rhythms in peripheral tissues 
(e.g., clock gene rhythms in the liver take longer 
to adjust to simulated jet lag than do clock gene 
rhythms in the SCN [39]). Additionally, it has 
been shown that the timing of food intake can 
modulate peripheral clocks and lead to 
desynchronization from the central pacemaker. 
Damiola and colleagues showed that food restric¬ 
tion resets the phase of clock gene rhythm 
expression in tissues such as the liver and kidney 
[40], The latter study was one of the first to show 
that entrainment of peripheral oscillators could 


with high levels of circulating melatonin and low core 
body temperature levels. Conversely, the biological day is 
associated with low levels of circulating melatonin and 
higher core body temperature levels 


occur by metabolic signals and temporarily 
uncouple them from the master clock in the SCN. 
The potential health implications of eating at an 
inappropriate circadian time for physiology are 
talked about later in this chapter. 


Shift Work and Disturbed Sleep 

Wakefulness and sleep schedules associated with 
shift work go against human biology. Humans 
evolved to be awake, intake food, and be meta- 
bolically active during the solar day and to be 
asleep, not take in food, and be less metabolically 
active during the solar night. Thus, the biological 
day in humans is optimized to occur during the 
solar day and the biological night is optimized to 
occur during the solar night. Circadian misalign¬ 
ment is considered to be a primary mechanism 
underlying many of the health and safety con¬ 
cerns associated with shift work. As noted, the 
circadian system of night shift workers is typi¬ 
cally misaligned such that the biological night 
occurs during the geophysical night, even though 
night shift workers are awake and working 
[29, 30,41, 42]. Furthermore, shift workers sleep 
after their night shift during the biological day, when 
melatonin levels are low and the circadian clock 
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Fig. 8.2 Opponent process interaction between sleep 
homeostasis and circadian phase during entrainment. 
Homeostatic sleep drive ( solid red line) decreases brain 
arousal during wakefulness and is dissipated during sleep 
(i dashed red line in the blue shading). Circadian rhythm in 
brain arousal (blue line) oscillates with a near-24-h pat¬ 
tern such that brain arousal is lowest in the morning hours 
after habitual wake time and brain arousal is highest in the 
evening hours prior to habitual bedtime. These two central 


nervous system processes interact such that the circadian 
arousal signal counters the buildup of homeostatic sleep 
drive. The result is relatively stable levels of brain arousal 
or alertness across a typical day especially across the 
hours of the work day (orange shading). This schematic 
represents a simplified opponent process model as sleep 
homeostasis and circadian processes interact in a nonlin¬ 
ear manner such that the amplitude of the circadian drive 
is larger when homeostatic sleep drive is high 


is promoting wakefulness. Because the circadian 
clock is promoting wakefulness during the bio¬ 
logical day, sleep is of inadequate duration and 
quality. The average sleep duration of shift work¬ 
ers is reported to be approximately 5-6 h per 24 h 
[43-46], 

Disturbed sleep is a common health problem 
reported by shift workers [45—49], Sleep electro- 
encephalographic (EEG) recordings of permanent 
night shift and rotating shift workers indicates 
that daytime sleep is composed of reduced stage 2 
and rapid eye movement (REM) sleep and 
increased wakefulness after sleep onset (WASO). 
Detailed reviews of sleep disruption associated 
with various shift work schedules is provided 
elsewhere [43,45]. Figures 8.2 and 8.3 illustrate a 
wakefulness-sleep model showing the typical 
interaction between sleep homeostasis for a day 
worker versus a night shift worker. The model 
represents an adaptation of the classic two pro¬ 
cess model of sleep regulation [50,51] and oppo¬ 
nent process models of sleep-wakefulness 
regulation [52-54] . Such models include a homeo¬ 
static sleep component and an oscillating circa¬ 
dian component that interact to promote the daily 


pattern of sleep and wakefulness. The homeo¬ 
static drive for sleep can be likened to other 
homeostatically regulated processes such that 
sleep drive builds with time awake and is 
influenced by prior sleep history. The circadian 
system modulates brain arousal such that wake¬ 
fulness is promoted during the biological day and 
sleep is promoted during the biological night. 
Daytime workers awaken from nighttime sleep 
with a relatively low homeostatic drive for sleep 
assuming that the prior sleep was of sufficient 
duration and quality (Fig. 8.2). The homeostatic 
drive for sleep subsequently builds up across the 
day with increasing time awake and this drive 
promotes sleep. Homeostatic sleep drive is then 
dissipated during sleep. As the wakefulness epi¬ 
sode progresses, the circadian system promotes 
wakefulness to counteract the buildup of homeo¬ 
static sleep drive in such a way that brain arousal 
from a circadian perspective is highest shortly 
prior to habitual bedtime. Near the onset of endog¬ 
enous melatonin secretion, which demarcates the 
beginning of the biological night, the circadian 
clock begins to promote sleep and continues to 
promote sleep until the early morning hours. From 
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smaller dissipation of sleep drive ( dashed red line) as 
compared to nighttime sleep. Brain arousal is relatively 
high after awakening because the circadian arousal signal 
is promoting wakefulness ( blue line) and because some 
sleep drive has been dissipated. During the timing of the 
nighttime work shift ( orange shading), both sleep homeo¬ 
stasis and circadian phase promote sleep. Thus, the loss of 
the typical opponent process relationship between sleep 
homeostasis and circadian phase leads to high levels of 
sleepiness and fatigue and to performance impairment 
when working at night 


Fig. 8.3 Interaction between sleep homeostasis and cir¬ 
cadian phase during circadian misalignment typical of 
night shift work. Circadian misalignment is when sleep 
and wakefulness occur at inappropriate circadian times. 
This example shows the altered relationship between 
sleep homeostasis and circadian phase for a typical night 
shift worker. Sleep during the daytime {blue shading) is 
shorter and is disturbed compared to sleep at night 
(Fig. 8.2) because the circadian arousal signal is promot¬ 
ing brain arousal. Following awakening, homeostatic 
sleep drive {solid red line) is larger than following night¬ 
time sleep due to the daytime sleep disruption and thus the 



a circadian perspective, brain arousal is lowest 
shortly after habitual wake time, a time when the 
homeostatic drive for sleep is relatively low. Thus, 
the sleep homeostatic and circadian systems work 
together in an opponent process manner to pro¬ 
mote the typical pattern of consolidated wakeful¬ 
ness during the daytime and sleep at night. With 
respect to the timing of work, the day worker is 
required to perform at a time when brain arousal 
is relatively high. Figure 8.3 illustrates the inter¬ 
action between the sleep homeostatic and circa¬ 
dian systems during circadian misalignment in a 
night shift worker. Failure to adapt the circadian 
system to the imposed shift work schedule results 
in the circadian system promoting brain arousal 
during the daytime sleep episode. This leads to 
disturbed sleep and short sleep duration. The 
homeostatic drive for sleep upon awakening from 
sleep in the shift worker is relatively higher (lower 
brain arousal) than that in the daytime worker 
because of the reduced sleep duration. However, 


the arousal signal from the circadian clock ini¬ 
tially helps to counter the higher homeostatic 
sleep drive. Subsequently, the sleep homeostatic 
and circadian systems no longer work together in 
an opponent process manner and instead, as the 
wakefulness episode progresses both circadian 
and sleep homeostatic systems promote sleep. 
Thus, with respect to the timing of work, the night 
shift worker is required to perform at a time when 
brain arousal is relatively low. 

In addition to the biological drives noted 
above, sleep in the night shift worker is also com¬ 
promised by a number of environmental factors 
including family responsibilities (curtailing sleep 
to provide child care), noisy environment (e.g., 
family members awake, kids playing, phone calls 
during the daytime), drugs (e.g., caffeine taken to 
promote wakefulness during the night shift), light 
exposure (e.g., bedrooms with inadequate shades 
that let light in), and bedroom temperature (too 
hot or too cold) [43, 55], 
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Circadian Misalignment and Health 
Problems in Shift Workers 

Shift work is reported to be associated with 
increased risk of cardiovascular disease [56-58], 
gastrointestinal disorders [44, 58-62], negative 
pregnancy outcomes [58,63-65], cancer [66-68], 
depression [44,69], diabetes [11, 58, 70], obesity 
[10-12, 71], and exacerbation of other medical 
disorders [72], Many factors may contribute to 
health problems in shift workers including: stress, 
sleep disruption, circadian misalignment, socio¬ 
economic status, smoking, and unhealthy food 
habits [73], Shift work models in nonhumans 
provide further evidence for the negative effects 
of shift work schedules. For example, cardiomy- 
opathic Syrian hamsters exposed to a weekly 
12-h phase shift of the light dark cycle showed a 
decrease in survival time by 11% [74], Sleep dur¬ 
ing the biological day can be improved with 
melatonin, melatonin analogues, and sleep medi¬ 
cations [35, 75, 76]. However, it is unknown 
whether promoting daytime sleep reduces the 
burden of the negative health outcomes associ¬ 
ated with shift work. 


Circadian Sleep Disorders 

Circadian sleep disorders are characterized by 
circadian misalignment. A common symptom 
observed in patients with circadian sleep disor¬ 
ders is that patients cannot sleep when sleep is 
desired and that sleep is disturbed and inadequate. 
These disorders often cause excessive daytime 
sleepiness and fatigue and have negative conse¬ 
quences for quality of life. The most common 
circadian sleep disorders are delayed sleep phase 
type, advanced sleep phase type, jet lag, non-24-h 
sleep wake type, and shift work disorder (SWD) 
[77, 78], 


Shiftwork Disorder 

SWD is thought to be caused in part by a greater 
vulnerability to the circadian misalignment 
due to sleep and work schedules occurring at 


inappropriate biological times of day. Patients 
with SWD have clinically significant perfor¬ 
mance impairments when work is required 
during the biological night and/or clinically 
significant sleep disruption when sleep occurs 
during the biological day [36, 44,45, 55,79, 80], 
Sleep and performance problems are less com¬ 
mon on days off when sleep occurs at night and 
wakefulness occurs during the day (e.g., during 
vacation). During the work schedule, patients 
with SWD are reported to show disturbed sleep 
that is as bad as that seen in patients with severe 
insomnia [36, 44, 79]; furthermore, patients with 
SWD are as sleepy during the nighttime as are 
patients with disorders of hypersomnolence, such 
as narcolepsy and sleep apnea during the daytime 
[36, 79]. The wakefulness promoting medica¬ 
tions modafinil and r-modafinil are currently 
approved by the FDA to treat excessive sleepi¬ 
ness in patients with SWD [36, 79]. No clinical 
trials have tested the effectiveness of sleep-pro¬ 
moting countermeasures in patients with SWD. 

In comparison with other shift workers, 
patients with SWD have higher rates of ulcers, 
depression, excessive sleepiness on the night 
shift, sleepiness-related accidents, reduced satis¬ 
faction for the work schedule, and increased 
absenteeism from work [36, 43], Whether these 
and other negative health outcomes in SWD are 
associated with the degree or duration of circa¬ 
dian misalignment is unknown. 


Circadian Misalignment, Sleep 
Disruption, Energy Metabolism, 
and Weight Gain 

An important function of the circadian system is 
the regulation of metabolic machinery in prepa¬ 
ration for temporal variations in the abundance of 
nutrients. Therefore, it is not surprising that vari¬ 
ous humoral factors associated with metabolic 
control show wakefulness-sleep patterns or cir¬ 
cadian rhythms (e.g., glucose, fatty acids and 
triglycerides, but also glucocorticoids, insulin 
and catecholamines). The finding that many 
metabolic factors fluctuate with wakefulness- 
sleep patterns and/or circadian rhythms suggests 
that misalignment between circadian clocks, 
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sleep-wakefulness and metabolic physiology and 
behavior may contribute to or be casually related 
to the development of metabolic disorders 
[38, 81-84], Related, genetic variations inhuman 
clock genes (e.g., gene polymorphisms) have 
been reported to be associated with metabolic 
disorders such as obesity and the metabolic syn¬ 
drome [85] as well as type II diabetes [86]. 

Clock Genes and Energy Metabolism 

At the cellular level, regulation of mammalian 
clock proteins includes posttranslational 
modifications (PTMs). These PTMs provide an 
entry route for metabolic signals or environmen¬ 
tal cues. To explore PTMs and nutrient signals. 
Lamia and colleagues used mass spectrometry 
and bioinformatics to locate sites of regulated 
phosphorylation in the mouse clock protein 
cryptochrome (CRY). They found that phospho¬ 
rylation of the energy sensing molecule, adenos¬ 
ine monophosphate (AMP) activated protein 
kinase (AMPK) enables CRY to transduce nutri¬ 
ent signals to circadian clocks in mammalian 
peripheral organs [87], In this way, peripheral 
clocks may be modulated by information from 
metabolic signals. Reciprocally, output genes, 
under the control of the circadian clock, have 
been shown to be involved in metabolic pro¬ 
cesses. Evidence for direct coupling between the 
circadian clock and the regulation of metabolism 
comes from cultured adipocytes, where it has 
been shown that overexpression of the clock 
gene Brain and Muscle ARNT (Arylhydrocarbon 
Receptor Nuclear Translocator)-Like Protein 
(BMAL1) increases lipid synthesis perhaps 
through induction of the peroxisome prolifera- 
tor-activated receptor gamma (PPARy), adipo¬ 
cyte protein 2 (AP,), and other binding proteins 
[88], In mice, rhythmic transcriptional activation 
by CLOCK/BMAL1 is a key regulator of lipid 
metabolic enzymes (e.g., acyl-CoA oxidase), 
[83], Additionally, both CLOCK mutant and 
BMAL-deficient mice show impaired gluconeo- 
genesis, glucose tolerance, and insulin sensi¬ 
tivity [82]. In animals deficient of liver-specific 
BMAL, glucose balance is compromised and 
reflected by a loss of rhythmicity in the expres¬ 


sion of genes important for glucose mobilization 
such as glucose-6-phosphate translocase, 
phosphoenolpyruvate carboxykinase 2, adeny¬ 
late kinase 4, and glucose transporter 2 [89]. 


Energy Expenditure and Weight Gain 

There are three primary components that contrib¬ 
ute to 24 h energy expenditure: (1) ~60-70% 
basal metabolic rate (BMR), which is energy 
needed to sustain resting cellular, mechanical, 
and chemical processes, including heart rate, 
neural activity, respiration, and body temperature 
(sleeping metabolic rate is lower than BMR); 
(2) ~10% thermic effect of food [90], which is the 
energy expended to digest, metabolize and store 
ingested macronutrients; and (3) ~20-30% activ¬ 
ity thermogenesis, which is the energy expended 
during physical activity. Whole room indirect 
calorimetry is the gold standard method of esti¬ 
mating 24 h energy expenditure and substrate 
oxidation [91]. When total daily energy expendi¬ 
ture is lower than total daily energy intake, weight 
gain ensues [92], 


Sleep Reduces Energy Expenditure 
and Disturbed Sleep Increases 
Energy Expenditure 

Since circadian misalignment is physiologically 
associated with sleep disruption, we briefly dis¬ 
cuss how alterations in sleep may contribute to 
alterations in energy metabolism in humans. 
Energy expenditure is lower during sleep when 
compared to wakefulness [93-95], We examined 
the influence of total sleep deprivation on 24 h 
energy expenditure in healthy subjects who lived 
in a whole room calorimeter under bed rest and 
controlled food intake conditions [93], As seen in 
Fig. 8.4, sleep deprivation per se increased 24 h 
energy expenditure. This finding is contrary to 
what would be expected based on the hypothesis 
of a role for sleep deprivation in weight gain, but 
it is consistent with the hypothesis that sleep 
serves to conserve energy. The finding that sleep 
deprivation increases energy expenditure in 
humans is also consistent with findings from 
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Relative Clock Hour 


Fig. 8.4 Sleep deprivation increases energy expenditure. 
Average hourly energy expenditure during a typical day of 
16 h scheduled wakefulness and 8 h scheduled sleep ver¬ 
sus 24 h of total sleep deprivation. Subjects were studied 
in a whole room calorimeter under modified constant rou¬ 
tine conditions that limited physical activity during bed 
rest and exposed subjects to dim ambient light and ther¬ 
moneutral ambient temperature. Meals (breakfast, lunch. 


dinner, and a snack) of the exact same content were pro¬ 
vided at the same time each day, and no food intake 
occurred during the habitual night. One night of sleep 
deprivation increased energy expenditure providing sup¬ 
port for the hypothesis that sleep conserves energy in 
humans and that sleep loss has a metabolic cost. Modified 
with permission from [93] 


nonhuman models showing sleep deprivation 
increases 24 h energy expenditure [96, 97], Since 
sleep disruption increases energy expenditure, it 
would be hypothesized that disturbed sleep due 
to circadian misalignment will also be associated 
with higher energy expenditure during a daytime 
sleep episode. To date however, no study has 
examined the influence of circadian misalign¬ 
ment or of chronic sleep restriction on energy 
expenditure in humans. 

Circadian Variation of Energy 
Expenditure 

A circadian rhythm in energy expenditure has 
been reported by Spengler et al. [98] and Krauchi 
et al. [99], but the circadian pattern was inconsis¬ 
tent. Specifically, Spengler et al. [98] reported 
C0 2 production to be lowest during the early 
evening between 180 and 270 circadian degrees 
with the core body temperature rhythm minimum 


designated as zero degrees. These circadian times 
correspond to clock hours of 1800-2400 h in an 
individual with a wake time of 0800 h. Krauchi 
et al. [99] reported a circadian rhythm in energy 
expenditure (kcal/day) with low levels between 
2400 and 0600 h. The reason for the discrepancy 
in the timing of low circadian-driven energy 
expenditure is unclear as controlled constant rou¬ 
tine conditions were used in both studies. 
Therefore, additional research is needed to better 
understand the circadian contribution to energy 
expenditure in humans. 


Hypothalamic and Peripheral Energy 
Balance Hormones That Contribute 
to the Regulation of Food Intake 
Are Altered by Sleep Disruption 
and Circadian Misalignment 

Within the hypothalamus, the arcuate nucleus has 
two opposing sets of neuronal circuitry, appetite 
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Fig. 8.5 Sleep occurs during 
the biological day when 
endogenous melatonin levels 
are low during circadian 
misalignment. Melatonin 
rhythms for individual 
subjects who lived in the 
laboratory and who were 
scheduled to 24 h or 
non-24-h day lengths for 
more than 1 month. Subjects 
whose circadian clock 
entrained to the scheduled 
day length slept ( dashed blue 
box) during the biological 
night when melatonin levels 
were high. Subjects whose 
circadian clock failed to 
entrain to the scheduled day 
length (misaligned) were 
awake during the biological 
night when melatonin levels 
were high. Modified with 
permission from [32] 



Relative Clock Hour 


Misaligned 



Relative Clock Hour 


stimulating (orexigenic) and appetite inhibiting 
(anorexigenic). These structures receive neural 
and peripheral inputs that serve to regulate energy 
balance, predominantly by modifying food 
intake. The SCN projects to hypocretin/orexin 
neurons in the hypothalamus and hypocretin/ 
orexin neurons influence wakefulness and 
feeding [100-103]. Peripheral hormonal inputs 
include anorexigenic (e.g., PYY, insulin, and 
leptin) and orexigenic (e.g., ghrelin) mediators. 
The SCN also contains leptin receptors [104], 
and thus the circadian clock in addition to feed¬ 
ing centers in the hypothalamus may respond to 
energy balance hormones. Sympathetic projec¬ 
tions from the SCN to adipose tissue [105] sug¬ 
gest circadian modulation of energy balance 
hormones such as leptin. 


Leptin is an anorexigenic hormone produced 
by adipocytes. Circulating plasma levels are 
thought to represent total body lipid stores. In 
humans, acute caloric restriction decreases leptin 
levels whereas acute caloric excess increases lep¬ 
tin levels [106]. Leptin levels also change across 
the 24 hday. A daily variation in plasma leptin 
levels is reported to be related to a daily variation 
in satiety [107, 108] with high leptin levels at 
night [109-111], 

Circadian misalignment has been shown to 
reduce the energy balance hormone leptin in 
humans [37, 38], a physiological signal that 
should promote food intake. Figures 8.5-8.8 
show findings from a 55-day inpatient study on 
circadian misalignment [32], Half of the subjects 
maintained a normal relationship between 
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sleep-wakefulness and internal circadian time 
(entrained group), while the other half did not 
(circadian misalignment), (Fig. 8.5). Sleep 
efficiency (Fig. 8.6) and total sleep time were 
reduced, sleep latency and REM latency were 
shortened, and wakefulness after sleep onset was 
increased in the misaligned group [32], We found 



3-4 9-10 16-17 23-24 30-31 

Days of Study 


Fig. 8.6 Circadian misalignment leads to chronic sleep 
disruption. Sleep efficiency is a marker of sleep continuity 
or the amount of time asleep per time in bed. Low sleep 
efficiency can represent disturbed sleep. When sleep 
occurs during the biological day, at a time when the circa¬ 
dian clock is promoting wakefulness (Fig. 8.3), sleep is 
disturbed. Sleep efficiency became progressively lower in 
subjects who failed to entrain to the scheduled day length 
(misaligned). Modified with permission from [32] 


that circadian misalignment reduced daytime 
plasma leptin levels by ~10% [37]. The circadian 
misalignment that occurred in this study was 
akin to that which commonly occurs in non-24-h 
disorder/free running disorder, a circadian sleep 
disorder where the clock fails to entrain to the 
24 hday [78], Failure to entrain to the light-dark 
cycle also occurs aboard submarines [112] and 
during spaceflight [113] when crewmembers are 
scheduled to non-24-h day lengths. Scheer et al. 
[38] also showed that circadian misalignment 
associated with a rapid delay of bedtime, 4 h per 
day using a 28 h forced desynchrony protocol, 
decreased leptin levels. The decrease in leptin 
during circadian misalignment remained even 
when controlling for sleep disruption. The circa¬ 
dian misalignment in the study by Scheer is akin 
to that which occurs during rapid jet travel across 
multiple time zones. Thus, both chronic and tran¬ 
sient circadian misalignment alters leptin in such 
a way that would be hypothesized to promote 
food intake. 

A small circadian rhythm in leptin levels 
has been reported with an amplitude of approxi¬ 
mately 10% of the total daily minimum to 
maximum values [81]. Furthermore, there was 
no circadian variation in the soluble leptin 
receptor (sOB-r), which indirectly determines 
the amount of biologically active free leptin at the 


Wakefulness 


Sleep 



Baseline Day 22 


] Entrained 
I Misaligned 
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Fig. 8.7 Circadian misalignment reduces leptin levels 
predominantly during wakefulness. Average area under 
the curve leptin levels during scheduled wakefulness and 
scheduled sleep assessed every hour across 24 h. Leptin 
levels were lower during scheduled wakefulness on day 


22 of the study when subjects were awake during the bio¬ 
logical night (circadian misalignment) as compared to 
baseline when wakefulness occurred during the biological 
day. Modified from [37], Copyright 2010, with permis¬ 
sion from Dove Medical Press Ltd. 
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Fig. 8.8 The pattern of low daytime and high nighttime 
leptin levels is maintained during circadian misalignment. 
Average hourly leptin levels assessed every hour across 
24 h at baseline (day 6) and after living on a 24 h or non- 
24-h day lengths for several weeks. Leptin levels were 
significantly lower predominantly during the late after¬ 


noon and evening hours during circadian misalignment. 
Unlike melatonin that shows a robust circadian rhythm 
(Fig. 8.5), leptin levels show a robust wakefulness-sleep 
pattern with high leptin levels during sleep even during 
circadian misalignment. Modified from [37]. Copyright 
2010, with permission from Dove Medical Press Ltd 


hypothalamus [114, 115]. The lack of circadian 
variation in the sOB-r suggests that the varied 
levels of leptin that are available at different times 
of day are biologically active. Findings from the 
55-day study reported above provide further sup¬ 


port to the findings that the circadian rhythm in 
leptin is small. Specifically, Figs. 8.5 and 8.8 
show that the circadian-driven hormone mela¬ 
tonin is misaligned with the imposed sleep- 
wakefulness schedule, whereas the daily pattern 
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in leptin shows low levels across the day and high 
levels at night irrespective of entrainment or cir¬ 
cadian misalignment. 

Sleep disruption is also reported to reduce lep¬ 
tin levels. Spiegel et al. [116] reported a 19% 
reduction in 24 h leptin levels following 6 days of 
sleep restriction versus sleep extension. Spiegel 
et al. [117] also reported that 2 days of sleep 
restriction reduced leptin levels by 18% during 
the daytime. This degree of leptin reduction is 
similar to the 22% reduction in leptin caused by 
3 days of food restriction to ~70% of energy 
requirements (~900 calories underfeeding) [106] 
indicating that sleep restriction induces physio¬ 
logically meaningful changes in leptin. Taheri 
et al. [118] also reported that habitual short sleep 
duration was associated with reduced leptin lev¬ 
els. In the original study by Spiegel et al. [116], 
those subjects with higher leptin levels had larger 
decreases during sleep loss. The findings above 
suggest that chronic sleep loss or alterations in 
the relationship between circadian timing and 
sleep-wakefulness schedules may alter leptin 
levels. Changes in leptin levels and timing may 
influence food intake and energy balance. Such 
changes in leptin may contribute to the increased 
risk of obesity and cardiovascular disease in shift 
workers by altering energy expenditure and food 
intake. 

Ghrelin is an orexigenic peptide produced by 
the stomach. Ghrelin is involved in energy bal¬ 
ance by feeding back onto hypothalamic feeding 
centers to stimulate appetite [119], Ghrelin levels 
rise between meals and decrease rapidly follow¬ 
ing food intake and are high at night [120]. Taheri 
et al. [118] reported that habitual short sleep 
duration was associated with elevated ghrelin and 
higher BMI levels. Spiegel et al. [117] reported 
that 2 days of sleep restriction (4 h per night) 
compared to 2 days of sleep extension (10 h per 
night) increased ghrelin levels by 28%. The 
finding that changes in ghrelin occurred within 
2 days suggests that energy balance hormones 
can respond quickly to sleep loss. Further, using 
a moderate bout of exercise in the evening fol¬ 
lowed by a simulated night shift condition, 


Morris and colleagues found that the post¬ 
exercise decrease in acylated ghrelin levels, 
observed during the biological day, does not 
occur during the biological night. In fact, plasma 
acylated ghrelin levels were ~17% higher follow¬ 
ing the evening exercise bout than compared to 
the no exercise control condition [121], These 
findings may have important implications for 
eating behaviors in night shift work that involves 
physical labor. 

Findings from studies in humans have also 
shown that sleep restriction in healthy subjects 
promotes increased appetite, especially for calo¬ 
rie dense foods with high carbohydrate content 
[117]. Nedeltcheva et al. restricted sleep in 
healthy young subjects to 5.5 h per night for 
14 days and found an increase in food intake from 
snacks (1,087 kcals/day) in the sleep restriction 
condition compared to the 8.5 h per night sleep 
condition (866 kcal/day). This was accompanied 
by an increase in carbohydrate consumption par¬ 
ticularly during 1900 to 0700 hours [122], In 
another study by this same group, the combined 
exposure of overweight middle-aged adults to 
2 weeks of caloric (90% of resting metabolic 
rate) and sleep restriction (5.5 h per night) 
increased hunger, reduced energy expenditure as 
assessed by doubly labeled water and increased 
carbohydrate oxidation assessed with a metabolic 
cart when compared to the same subjects in a 
8.5 h per night sleep condition [123]. 

Eating Patterns in Shift Workers 

The eating patterns and behavior in shift workers 
may contribute to weight gain and obesity. Night 
shift workers are reported to consume more sugar 
when compared to day workers, and this has been 
hypothesized to be an attempt to overcome 
fatigue in the workplace [124, 125]. Research 
findings from a nurse cohort working the night 
shift indicated that many displayed abnormal 
eating behaviors as identified by one or more 
categories on the Dutch Eating Behavior 
Questionnaire(DEBQ) [126]. These categories 
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include: (1) emotional eating in response to fear, 
anger, or anxiety; (2) external in response to sight 
and smell of food; and (3) restrained eating which 
refers to overeating when the cognitive resolve to 
diet is abandoned after a period of slimming 
[127], Comparisons of total daily caloric intake 
between night and day shift workers have found 
no difference; however, there was a redistribution 
of the major timing of food intake [128, 129] 
that may impact metabolic physiology. Similar 
findings have been reported for patients with 
night eating syndrome, where more than 50% of 
the calories are consumed at night [15-17], 
Biological factors (e.g., levels of ghrelin/leptin) 
that are affected by circadian misalignment and/ 
or sleep loss may in turn impact hunger, food 
intake, and macronutrient preference in night 
shift workers. Additionally, many environmental 
factors (e.g., limited food choices on shift, unpre¬ 
dictable working conditions, exhaustion, and 
stress) may also contribute to eating patterns and 
behavior in night shift workers. 


Circadian Clock Gene Mutation 
Alters Energy Balance 

In a study by Turek et al. [130], the influence of a 
clock gene mutation was examined on metabolic 
physiology. Average caloric intake was assessed 
over a 10-week period in wild-type (WT) and 
Clock mutant (CL) mice fed a regular or high-fat 
diet. CL mice showed a significant increase in 
energy intake and body weight. The average met¬ 
abolic rate during the light episode was higher in 
CL and the average metabolic rate was lower in 
CL mice during the dark episode indicating an 
alteration in metabolism across the 24 hday. 
Overall, energy expenditure was decreased by 
10% in CL mice. Serum triglyceride, cholesterol, 
glucose, and leptin levels were higher in CL mice 
suggesting that circadian disruption through the 
Clock mutation alters metabolic factors involved 
in obesity. Note that the changes in leptin observed 
in CL mice are opposite to those observed in 


response to sleep loss in humans. The key differ¬ 
ence between prior chronic sleep loss studies in 
humans and Clock mutant mice may be that the 
mice studies examined chronic circadian and 
sleep disruption during adlib food intake. It is 
likely that the metabolic changes and positive 
energy balance are related to this increased food 
intake. It is also possible that the Clock mutation 
altered functioning of other systems involved in 
energy balance. Specifically, animal models show 
that circadian clock gene disruption, abnormal 
light-dark cycles, and imposed circadian mis¬ 
alignment (eating during the time normally 
reserved for sleep) all lead to weight gain 
[130-132], 


Working Model for Effects 
of Circadian Misalignment 
on Energy Balance 

Figure 8.9 shows a working model that predicts 
circadian misalignment in shift workers will dis¬ 
rupt sleep and alter levels of feeding hormones, 
which are expected to increase appetite. The 
model predicts that increased food intake and 
unhealthy food choices will promote positive 
energy balance. It is unknown how circadian mis¬ 
alignment will influence total daily energy expen¬ 
diture. Circadian misalignment could lead to 
fatigue and reduced physical activity. Circadian 
misalignment could also increase total daily 
energy expenditure due to sleep disruption. The 
latter finding would be consistent with findings of 
increased energy expenditure during sleep depri¬ 
vation [93], Future research is needed to improve 
our understanding of the mechanisms by which 
circadian misalignment/sleep disruption and dis¬ 
ruption of circadian clock genes contribute to 
weight gain and obesity. Understanding of such 
mechanisms will provide new avenues for the 
development of treatments for obesity and will 
provide critical information needed for the educa¬ 
tion of the public on the importance of sleep and 
circadian physiology for health and well-being. 
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Circadian 



Fig. 8.9 Working model on mechanisms that may con¬ 
tribute to weight gain and obesity during circadian mis¬ 
alignment. Circadian misalignment leads to food intake at 
an internal biological time when the circadian clock is less 
prepared to intake nutrients. Circadian misalignment also 
leads to sleep disruption and shorter sleep duration. Both 
circadian misalignment and sleep disruption lead to alter¬ 
ations in feeding hormones that promote appetite and this 
could lead to increased food intake. Longer episodes of 


wakefulness provide more opportunity for food intake. 
Unhealthy food choices due to biological (cravings for 
sugary/starchy foods) or environmental factors (e.g., food 
availability) promote positive energy balance. It is 
unknown how circadian misalignment influences energy 
expenditure. If food intake during circadian misalignment 
is higher than energy expended, then energy storage and 
weight gain ensue 
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Abstract 

Obesity and obstructive sleep apnea (OSA) are two extremely common 
and tightly linked disorders. Obesity, particularly in a pattern that increases 
fat deposition in the neck and upper body, has strong effects on OSA 
pathogenesis by narrowing the upper airway and increasing airway col- 
lapsibility. The effect of obesity on OSA risk is strongest in younger and 
male populations. In addition, growing evidence suggests OSA may have 
effects through intermittent hypoxia, sleep fragmentation or other mecha¬ 
nisms, on adipose tissue or pathways that regulate weight homeostasis. 
Finally, a number of genetic, perinatal, and environmental factors may 
independently impact risk of both obesity and OSA. Given their high 
prevalence and frequent coexistence, as well as the shared complications 
induced by these two conditions particularly in terms of cardiovascular 
and metabolic diseases, treatment strategies at both an individual and popu¬ 
lation level should focus on evaluating and treating both conditions. 


Introduction 

Obstructive sleep apnea (OSA) is a sleep disorder 
characterized by repetitive collapse of the upper 
airway during sleep resulting in complete (apnea) 
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or partial (hypopnea) restriction of airflow. OSA 
severity is typically quantified using the apnea- 
hypopnea index (AHI), which measures the num¬ 
ber of apneas and hypopneas per hour of sleep. 
Data from the Wisconsin Sleep Cohort Study 
suggest OSA is extremely common [1], Among 
middle-aged Americans, 9% of women and 24% 
of men have at least mild OSA (defined as an 
AHI>5, while the prevalence of moderate-to- 
severe OSA (AHI > 15) is estimated to be 4% in 
women and 9% in men. Among the elderly, the 
prevalence of OSA has been estimated to be as 
high as 60% or more [2], (See Chap. 13 for details 
on clinical diagnosis.) 

The recurrent episodes of upper airway col¬ 
lapse in OSA have numerous adverse physiologic 
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Fig-9.1 Potential 
mechanisms linking obesity 
and OSA. UA upper airway, 
OSA obstructive sleep 
apnea 



consequences. These include intermittent episodes 
of hypoxemia and hypercapnia due to cessations 
of gas exchange as well as increasing negative 
intrathoracic pressure swings that result from 
continued respiratory efforts against a closed 
pharynx. These in turn contribute to blood pres¬ 
sure swings and sympathetic activation [3, 4], 
There are also frequent arousals from sleep neces¬ 
sary to reopen the airway, and these arousals lead 
to fragmentation of sleep and disruption of sleep 
architecture. There are often substantial reductions 
in slow wave and rapid eye movement (REM) 
sleep with concomitant increases in stages 1 and 
2 non-REM sleep as well as an increased amount 
of wake after sleep onset [5], 

OSA has substantial impact on general health. 
Not only does the poor and fragmented sleep 
caused by OSA result in daytime sleepiness and 
consequent increased risk of motor vehicle and 
occupational accidents [6-8], but neurocognitive 
function, mood, and quality of life can be impaired 
[9-12] as well. In addition, OSA has been increas¬ 
ingly recognized as an independent risk factor for 
hypertension, insulin resistance, heart failure, 
stroke, and other cardiovascular diseases [13-17], 
The independent effect of OSA on many of these 
conditions has been challenging to measure 
because of the frequent coexistence of obesity in 
many patients with OSA and the known effects of 
obesity on metabolic and cardiovascular disease. 


In fact, obesity is one of the strongest predictors 
of OSA and has been utilized in common OSA 
screening tools [18,19], The relationship between 
OSA and obesity is complex, as illustrated in 
Fig. 9.1 . It is clear that obesity is one of the stron¬ 
gest risk factors for OSA. In addition, there are 
intriguing data to suggest OSA may impact adi¬ 
posity. Finally, there are pathways that may 
simultaneously influence both obesity and OSA 
status and thus help explain the co-occurrence of 
these two diseases. 


Epidemiology of Obesity and OSA 

Numerous cross-sectional studies have identified 
a relationship between OSA and adiposity [20-24], 
In an Australian study of 1,464 consecutive men 
undergoing sleep studies, 75% of the subjects 
were overweight or obese, and increasing OSA 
severity was associated with increasing central 
obesity [25], Among 594 patients referred to a 
sleep clinic in Canada, the mean BMI of patients 
with OSA was 3 kg/m 2 greater than the mean BMI 
of those without OSA [26]. In obesity clinics, the 
prevalence of OSA among those with morbid 
obesity (BMI >40 kg/m 2 ) is extremely high rang¬ 
ing from 77% to 98% in studies [27-29], 

Similar findings have been obtained from pop¬ 
ulation-based studies which are not susceptible to 
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Fig. 9.2 Estimated prevalence of sleep apnea and propor¬ 
tion attributable to overweight by sex and age. This figure 
displays the total number of cases of sleep apnea and cases 
of moderate-to-severe sleep apnea as well as the proportion 

the referral biases of clinic-based studies. In the 
Wisconsin Sleep Cohort study, a population- 
based cohort of middle-aged state government 
workers, each 1 standard deviation increase in 
BMI (5.7 kg/m 2 ) was associated with a 4.2-fold 
increased odds of having OSA [1], In the Sleep 
Heart Health Study, though an association 
between adiposity and OSA was found, this rela¬ 
tionship weakened with increasing age. Each 1 
standard deviation increase in BMI (5.3 kg/m 2 ) 
was associated with a 2.0-fold increased odds of 
having moderate-to-severe OSA among those in 
their 40s but only a 1.3-fold increased odds among 
those in their 80s [30], Population-based studies 
from Spain, Italy, Brazil, India, Korea, and 
Australia confirm obesity is one of the strongest 
predictors of OSA around the world [31-36]. 

Assuming a causal relationship, Young et al. 
have estimated the attributable risk of excess 
weight on OSA based on data from the Wisconsin 
Sleep Cohort study [37]. This represents the pro¬ 
portion of OSA cases that would be cured if over¬ 
weight and/or obesity were eliminated. They 
estimate that 41% of all OSA cases and 58% of 



attributable to overweight defined as a body mass index 
(BMI) >25 kg/m 2 . AHl Apnea-hypopnea index, SOB Sleep- 
disordered breathing. Reproduced from [37], Copyright © 
2005 American Physiological Society. All rights reserved 

all moderate-to-severe cases of OSA in US adults 
are attributable to overweight and obesity (i.e., 
BMI >25 kg/m 2 ). The proportions of OSA cases 
due to excess weight in subgroups stratified by 
age and gender are shown in Fig. 9.2. In general, 
as with the Sleep Heart Health Study cohort, these 
data suggest the association between OSA and 
excess weight is strongest in younger age groups. 

Concerns have been raised by many groups 
that studies using BMI to measure adiposity may 
underestimate the co-aggregation of obesity and 
OSA. Strengths of the BMI metric are its sim¬ 
plicity of measurement allowing for its use in 
large epidemiologic studies and its well-accepted 
use by obesity researchers. The index has been 
used for over 30 years and is recommended for 
use in guidelines for weight management and 
weight control [38, 39]. Furthermore, BMI- 
defined obesity has been shown to predict mortal¬ 
ity of all causes, heart disease, and cancer [40]. 
However, BMI does not account for the distribu¬ 
tion of body fat, which may be more relevant to 
OSA risk than overall level of adiposity. For 
example, fat deposition in the neck may be more 
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important than deposition in other regions [41, 42], 
Central (“apple-shaped”) obesity describes a 
pattern of fat accumulation in the torso including 
intra-abdominal visceral fat and contrasts with 
lower body (“pear-shaped”) obesity, which 
describes increased fat accumulation in the hips 
and thighs. Neck and central obesity are more 
likely to affect collapsibility of the upper airway 
and lung mechanics, thereby directly contribut¬ 
ing to OSA pathogenesis. 

Neck circumference (NC) is a surrogate for 
the amount of soft tissue, including fat that sur¬ 
rounds the upper airway, and thus may estimate 
the tissue pressure contributing to upper airway 
collapsibility [43]. Both waist circumference 
(WC) and waist-to-hip ratio (WHR) have been 
used as measures of central obesity [44]. Increased 
adiposity by any of these measures has been 
associated with OSA risk [1], which is not sur¬ 
prising since they are all correlated. In the 
Wisconsin Sleep Cohort, the measure that had the 
best discriminative ability was neck circumfer¬ 
ence. Every 1 standard deviation increase in NC 
was associated with a 5.0-fold increase in OSA 
risk as compared to odds ratios of 4.2, 4.1, and 
3.4 for BMI, WC, and WHR, respectively [1], In 
the Sleep Heart Health Study, BMI and NC were 
found to independently predict OSA status, while 
WHR contributed no additional information [30], 
In contrast, in a clinic-based cohort, WC has been 
found to predict OSA status independent of BMI 
and NC [25], 


Obesity as a Risk Factor for OSA 

A number of mechanisms have been proposed to 
explain how obesity predisposes to OSA. The 
most obvious is that with increasing weight, fat is 
deposited in structures in and around the upper 
airway leading to both a narrowing of the airway 
and an increase in collapsibility. Animal studies 
have demonstrated that mass loading in the neck 
to simulate increased neck fat leads to narrowing 
of the upper airway as well as increases in airway 
resistance and collapsibility [45], Both obese and 
nonobese apneics have greater fat deposition in 
the anterolateral regions of the neck as compared 


to nonapneics [41], Fat deposition, particularly 
within the region enclosed by the mandible, 
impinges on the upper airway lumen [46]. Fat 
deposition in the parapharyngeal fat pads as well 
as thickening of the lateral pharyngeal walls 
appears to be particularly important in OSA 
pathogenesis [47, 48]. 

Patency of the upper airway is also influenced 
by the caudal traction (“tracheal tug”) that results 
from increased lung volumes [49] . With a reduced 
functional residual capacity (FRC), as is seen 
with central obesity [50], there is less caudal trac¬ 
tion on the upper airway, making the upper air¬ 
way more collapsible and worsening OSA 
severity [51]. In addition, by limiting the body’s 
oxygen stores, a reduced FRC can result in more 
severe desaturation with each apnea [52], This in 
turn can exacerbate the cardiovascular and other 
sequelae of OSA in obese patients. 

Both the narrowing of the upper airway and 
the reduced traction resulting from lower lung 
volumes promotes a more collapsible upper air¬ 
way. Level of adiposity as measured by BMI has 
been shown to strongly predict the intrinsic col¬ 
lapsibility of the upper airway and weight loss 
has been shown to make the airway less collaps¬ 
ible [53, 54], Interestingly, the relationship 
between adiposity and airway collapsibility is 
stronger in men than women [53]. 

It has been hypothesized that another mecha¬ 
nism by which obesity may impact OSA risk is 
through pathologic effects on upper airway neu¬ 
romuscular function [55], Animal studies have 
demonstrated intramuscular fat deposition into 
the genioglossus and other upper airway dilator 
muscles with obesity [56, 57]. However, reduced 
upper airway muscular function or responsive¬ 
ness in obesity has not been shown [58]. 

Increased adiposity may have other potential 
influences on breathing during sleep. Many adi¬ 
pose-derived proteins (such as lipoprotein lipase, 
hormone-sensitive lipase, and perilipin) have 
effects on lipid metabolism and therefore influence 
C0 2 production, which may secondarily impact 
ventilatory demand [59]. Another adipose-derived 
hormone, leptin, has been shown to be a ventila¬ 
tory stimulant in animal models [60], In humans, 
elevated leptin levels as seen in obesity have been 
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Fig.9.3 Change in sleep 
apnea severity as a 
function of weight change. 
This graph demonstrates 
the effect of weight change 
on sleep apnea severity 
based on data from the 
Sleep Heart Health Study 
comparing two time points 
5 years apart. RDI 
Respiratory disturbance 
index. Reproduced from 
[66], Copyright © 2005 
American Medical 
Association. All rights 
reserved 
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associated with a blunted ventilatory drive [6 1, 62] , 
which may reflect a state of leptin resistance. 
Finally, the systemic inflammation produced by 
obesity, particularly visceral obesity, may con¬ 
tribute to the sleepiness and fatigue observed in 
the OSAchnical syndrome [63, 64], 

By demonstrating that changes in weight pre¬ 
dict a change in OSA severity, longitudinal stud¬ 
ies have provided evidence that obesity is a causal 
risk factor for OSA. In the Wisconsin Sleep 
Cohort Study, a 10% increase in weight over 
4 years predicted a 32% increase in AHI, while a 
10% decrease predicted a 26% decrease in AHI 
[65], Data from the Sleep Heart Health Study 
where polysomnography was done 5 years apart 
confirmed that for the same change in weight, the 
worsening effect of weight gain on OSA severity 
is larger than the ameliorating effect of weight 
loss [66], This is shown graphically in Fig. 9.3 
and suggests the effect of a temporary weight 
gain on OSA severity may be long lasting. 
Furthermore, this graph demonstrates that OSA 
severity is more sensitive to the effects of weight 
change (both gain and loss) in men as compared 
to women. This may reflect the differential rela¬ 
tionship between adiposity and upper airway col- 
lapsibility, whereby the same change in weight 
leads to a greater change in airway collapsibility 
in men [53], Data from the Cleveland Family 
Study where subjects were studied about 5 years 


apart support the notion that changes in BMI 
predict changes in AHI and that the effect of a 
given change in BMI on AHI is greater in men 
than women [67], These investigators also found 
that OSA severity was more sensitive to changes 
in BMI among older as compared to younger 
adults. Several studies have examined the effect 
of obesity on incident OSA risk. In the Wisconsin 
study, a 5% increase in weight increased the risk 
of having moderate-to-severe OSA by 2.5-fold 
and a 10% increase in weight increased the risk 
6-fold [65]. In the Cleveland Family Study, both 
an increased BMI and an increased WHR inde¬ 
pendently predicted incident cases of OSA [68], 

Interventional studies have further strength¬ 
ened the evidence that obesity causes OSA. 
Uncontrolled studies have demonstrated that 
medical weight loss can lead to substantial 
improvements in OSA severity. In 14 patients 
with morbid obesity, a 10% weight loss was asso¬ 
ciated with a significant reduction in subcutane¬ 
ous fat in the neck and an improvement in 
pulmonary function as well as a significant 
decrease in OSA severity (mean AHI drop from 
24.3 to 2.9) [69], In addition to improvements in 
OSA severity, weight loss has been shown to 
increase airway size and reduce airway collaps¬ 
ibility [54, 70, 71]. 

A large number of trials have evaluated the 
role of surgically induced weight loss in the 
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management of OSA and positive effects have 
been seen with both gastric bypass and gastric 
banding procedures. While early studies reported 
cure rates above 80% with bariatric procedures 
[72], these studies relied on self-reported symp¬ 
toms to diagnose OSA, which is not only insen¬ 
sitive but also susceptible to placebo effects. 
A subsequent meta-analysis including only 
studies that objectively assessed OSA severity 
before and after surgery found that in a morbidly 
obese population (mean pre-operative BMI was 

55.3 kg/m 2 ), the AHI dropped substantially from 
a mean of 55 to 16 across all 12 studies. However, 
it should be noted that residual OSA remained in 
the majority of these patients [73]. 

Several controlled randomized clinical trials 
have been performed assessing the role of medi¬ 
cal weight loss by diet and/or exercise on OSA 
treatment. Although these studies confirm 
weight loss improves OSA severity, in general 
these trials have been disappointing in the mag¬ 
nitude of effect obtained with weight loss. An 
early study compared 15 patients who lost 9.6 kg 
with eight controls who gained 1.4 kg in follow¬ 
up. The weight loss group had improvements in 
OSA severity in both non-REM and REM sleep 
and also demonstrated improvements in sleep 
architecture [74], In the SleepAHEAD study, 
264 patients with OSA, obesity (mean BMI 
36.7 kg/m 2 ) and type 2 diabetes were random¬ 
ized to an aggressive weight loss treatment arm 
versus control [75]. After 1 year, weight loss in 
the two groups was 10.8 kg vs. 0.6 kg. Mean 
AHI dropped slightly from 22.9 to 18.3 in the 
active treatment group but increased from 23.5 
to 28.3 in the control group. The cure rates for 
OSA were 14% vs. 3% in the two arms. 

A Finnish study evaluating weight loss 
through a low-calorie diet in patients with mild 
OSA recruited 62 patients with mean BMI of 

32.4 kg/m 2 and mean AHI of 9.6 [76], At 1 year, 
the reduction in weight was 10.7 kg vs. 2.4 kg, 
and this corresponded to a reduction in mean 
AHI of 4.0 in the active treatment group as com¬ 
pared to an increase in mean AHI of 0.3 in the 
control group. In terms of cure rates, 63% of the 
intervention group reduced their AHI below 5 as 
opposed to 35% in the control group. However, 


no significant differences were seen between the 
two groups in terms of improvements in sleepi¬ 
ness or quality of life. 

A similar Swedish study assessed the efficacy 
of a low-calorie diet in moderate-to-severe OSA 
[77]. A total of 63 patients with mean BMI of 
34.6 kg/m 2 and mean AHI of 37 were followed for 
9 weeks. The dieting plan was severe resulting in 
a weight loss of 18.7 kg in the active treatment 
group as opposed to a 1.1 kg weight gain in the 
control arm. This translated to a significant reduc¬ 
tion in AHI in the active arm from 37 to 12 while no 
change was seen in the control arm (AHI: 37 to 35). 
The cure rates were 17% vs. 0% and additionally, 
a significant improvement in sleepiness compared 
to the control group was seen. 

While weight loss clearly has a therapeutic 
effect on OSA, the duration of effect has been 
questioned. Sampol and colleagues studied 24 
obese patients who underwent weight loss (mean 
BMI fall from 31.5 to 25.9 kg/m 2 ) and managed 
to achieve complete remission of OSA [78]. 
Despite the initial success, 50% had recurrence 
of OSA after a mean of 94 months of follow-up, 
regardless of whether they had weight gain. An 
observational report on 14 bariatric patients 
found that while substantial improvements were 
seen in OSA severity between 2 and 7 months 
after surgery, the AHI rose over the next 7 years 
even without substantial change in weight [79]. 
While neither study had a control group, these 
reports suggest excess weight may have a long¬ 
term effect on OSA trajectory that cannot be 
completely altered with weight loss. 


OSA as a Risk Factor for Obesity 

Although it is clear that obesity causes OSA, 
there are a number of pathways by which OSA 
may induce weight gain, potentially creating a 
vicious cycle of increasing weight and apnea. 
Proposed pathways by which OSA may promote 
weight gain include reductions in physical activ¬ 
ity, alterations in hunger control, and fragmenta¬ 
tion of sleep. 

Two of the most common symptoms of OSA 
are daytime sleepiness and fatigue. Fatigue is 
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commonly associated with reductions in physical 
activity [80], In a study comparing 11 patients 
with OSA and 9 controls, those with OSA had a 
lower level of fitness as assessed by maximal 
exercise and oxygen consumption [81]. In addi¬ 
tion, a reduced maximal blood lactate concentra¬ 
tion and reduced rate of elimination of lactate 
suggested an impairment in muscle energy 
metabolism. In a large clinical cohort of 1,149 
patients, heart rate and blood pressure responses 
to exercise were associated with OSA severity [82] . 
In addition, a trend was found toward reduced 
maximal exercise capacity with increasing OSA 
severity. However, because of the substantial 
energy expended by respiratory muscles in 
attempting to breathe against an obstructed air¬ 
way, energy expenditure has been found to be 
greater in apneics compared to controls and 
energy expenditure during sleep decreases with 
OSA treatment using continuous positive airway 
pressure (CPAP) [83], Thus, to cause weight gain, 
any reduction in daytime activity caused by OSA 
would have to be larger than the increase in 
energy expenditure caused by ineffective respira¬ 
tory efforts while asleep. Questionnaire data from 
320 adult patients enrolled in a clinical trial 
found, those with severe OSA (AHI>50) had 
greater levels of physical activity than less severe 
apnea but that these differences were due solely 
to differences in level of obesity [84], In contrast, 
a pediatric study found children with OSA were 
less active as assessed by participation in orga¬ 
nized sports [85]. 

Another possible mechanism by which OSA 
could promote weight gain is through increases 
in caloric intake. This may be mediated through 
pathways similar to those proposed to relate 
reduced sleep duration with hormonal regulators 
of appetite. While OSA does not reduce total 
sleep duration, it does fragment sleep leading to 
altered sleep architecture including reductions in 
both slow wave and REM sleep [5]. Reductions 
in slow wave sleep independent of total sleep 
time have been associated with impaired glucose 
homeostasis and obesity [86, 87]. Similarly, 
reduced amounts of REM sleep have been associ¬ 
ated with overweight and obesity [88,89], In terms 


of specific hormonal mediators, OSA has been 
associated with changes in two hormones, leptin 
and ghrelin, that have effects on appetite regula¬ 
tion. Leptin, made primarily by subcutaneous 
adipose tissue, has an appetite suppressing effect 
at the level of the hypothalamus, while ghrelin, 
made primarily in the stomach, has a central 
effect to stimulate appetite and hunger. Multiple 
studies have demonstrated elevated levels of cir¬ 
culating leptin in OSA and a fall in levels with 
CPAP therapy [90-93], Rather than suggesting 
that OSA is associated with anorexia, these 
findings have been interpreted to suggest OSA is 
associated with a state of leptin resistance that 
improves with treatment. However, no studies 
have assessed the effect of OSA on leptin signal¬ 
ing in the hypothalamus to verify this interpreta¬ 
tion. Circulating levels of ghrelin, and in 
particular, the biologically active acylated form 
of the hormone, have also been shown to be ele¬ 
vated in OSA and fall with CPAP treatment [93,94] . 
This elevation in ghrelin levels along with 
worsened leptin resistance in the setting of OSA 
may serve to increase caloric intake. A cross- 
sectional study found those with more severe 
OSA consumed 281 kcal/day more than milder 
apneics [84], A trend persisted though was no 
longer significant after adjusting for differences 
in BMI. This study also found greater consump¬ 
tion of cholesterol, total fat, and saturated fats in 
the more severe group. Among children, a pattern 
of unhealthy eating behaviors has been associ¬ 
ated with OSA including reduced consumption 
of fruits and vegetables and increased consump¬ 
tion of fast food [85], 

In terms of assessing the effect of OSA on 
weight trajectory, a retrospective study suggested 
those with OSA had a more accelerated rate of 
weight gain over the year prior to diagnosis [92], 
An early study reported that CPAP therapy for 
OSA for 6 months was associated with significant 
weight loss [95]. However, a larger study of 228 
apneics followed for 1 year found no significant 
effect of CPAP treatment on weight in the over¬ 
all cohort and a trend toward weight gain with 
treatment among women [96]. Furthermore, 
greater compliance was associated with greater 
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weight gain. Within the format of a randomized 
controlled trial comparing CPAP to conservative 
management for OSA, CPAP had no effect on 
weight over 6 months, while conservative ther¬ 
apy which included weight loss counseling pro¬ 
duced a small reduction [97], Similarly, when 
added to a behavioral modification program for 
weight loss, 6 months of CPAP therapy did not 
confer any additional benefit on weight loss [98], 
Thus, overall, there is little evidence that elimi¬ 
nation of OSA results in weight loss. However, 
OSA treatment may produce changes in fat dis¬ 
tribution. Two prospective studies have demon¬ 
strated reductions in visceral fat volume with 
CPAP therapy for OSA [90, 99], 


Shared Risk Factors for Obesity 
and OSA 

In addition to a causal relationship, the associa¬ 
tion between obesity and OSA may also be 
explained by common shared risk factors. For 
example, a low socioeconomic status (SES) may 
represent an independent risk factor for both obe¬ 
sity and OSA. The link between SES and obesity 
has been well studied. While rising SES is associ¬ 
ated with greater BMI in many developing 
nations, in the US and other industrialized 
nations, the relationship is, in general, the oppo¬ 
site though dependent on gender and race. Among 
US whites as well as among minority women, 
low SES is strongly associated with greater obe¬ 
sity risk [100, 101]. However, among African- 
American and Mexican-American men, low SES 
predicts a lower BMI [100,101]. Mechanisms by 
which low SES might promote obesity have not 
been completely elucidated. However, neighbor¬ 
hood characteristics have been postulated to be 
important in creating an obesogenic environment. 
For example, obesity risk has been found to be 
greater in neighborhoods with fewer supermar¬ 
kets and less availability of fresh fruits and veg¬ 
etables [102, 103], Conversely, obesity is more 
common in neighborhoods with a greater density 
of fast food restaurants [104], Neighborhoods may 
also impact physical activity. Poorer neighborhoods 


are more likely to have problems with safety and 
upkeep of parks and sidewalks making these 
areas less “walkable” or conducive to physical 
activity [105], 

Less is known about the relationship between 
SES and OSA risk. However, in studies adjusting 
for obesity, neighborhood disadvantage as a 
proxy for low SES has been found to be an inde¬ 
pendent risk factor for OSA in children [106]. 
Among adults, occupation and SES have also 
been found to predict OSA [107]. Little work has 
been done to understand the relationship between 
low SES and OSA risk, but may include increased 
alcohol and tobacco consumption, as well as 
increased exposures in the home and at work to 
chemicals or allergens that might increase upper 
airway inflammation and thus OSA risk. A recent 
study, for example, suggests air pollution may 
exacerbate OSA severity [108]. 

Adverse intrauterine exposures and premature 
birth may also represent common risk factors for 
both obesity and OSA. Maternal smoking is a 
strong risk factor for childhood obesity [109]. In 
addition, low birth weight is somewhat paradoxi¬ 
cally a risk factor for obesity, in particular central 
obesity [110], Similarly, prematurity and low 
birth weight have been found to predict OSA risk 
in later life [111-113], Since the problems of 
maternal smoking, prematurity, and low birth 
weight are more prevalent in low SES groups, 
these factors may also mediate the links between 
SES, obesity, and apnea. 

Another possible common etiology for obe¬ 
sity and OSA is shared genetic risk factors. 
Studies of extended families selected for OSA 
suggest that the genetic correlation between OSA 
severity and obesity measures is about 0.6 [114], 
Thus, a substantial portion of the genetic basis 
for OSA is shared with obesity. This overlap may 
represent genes that mediate their effects on OSA 
risk through changes in adiposity (or vice versa). 
Alternatively, this overlap may represent genetic 
variants that have pleiotropic effects on both obe¬ 
sity and OSA through independent mechanisms. 
As of yet, no specific OSA variants have been 
identified limiting understanding of the relative 
contributions of each type of genetic risk factor 
to the overall overlap in risk. 
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Conclusion 

In summary, obesity and OSA are two extremely 
common and tightly linked disorders. Obesity, 
particularly in a pattern that increases fat deposi¬ 
tion in the neck and upper body, has strong effects 
on OSA pathogenesis by narrowing the upper air¬ 
way and increasing airway collapsibility. The 
effect of obesity on OSA risk is strongest in 
younger and male populations. In addition, grow¬ 
ing evidence suggests OSA may have effects 
through intermittent hypoxia, sleep fragmenta¬ 
tion or other mechanisms, on adipose tissue or 
pathways that regulate weight homeostasis. 
Finally, a number of genetic, perinatal, and envi¬ 
ronmental factors may independently impact risk 
of both obesity and OSA. Given their high preva¬ 
lence and frequent coexistence, as well as the 
shared complications induced by these two con¬ 
ditions particularly in terms of cardiovascular 
and metabolic diseases, treatment strategies at 
both an individual and population level should 
focus on evaluating and treating both conditions. 
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Abstract 

In this review, evidence is presented to support the hypothesis that reduced 
sleep duration may be part of the behavioral modifications that played a 
role in the development of the current epidemic of obesity and diabetes. 
An important consideration when trying to explain the epidemiologic link 
between sleep loss and metabolic risk is that it is not clear whether the 
physiological effects of sleep restriction observed under laboratory condi¬ 
tions over a period of a few days can be translated to chronic sleep restric¬ 
tion as it occurs in free-living individuals. Also, when comparing different 
laboratory studies of sleep restriction, differences in the “dose” of sleep 
loss relative to the physiological need of the individual are often ignored. 
While the body of evidence suggestive of an interaction between sleep loss 
and the epidemics of obesity and diabetes continues to build at a rapid pace, 
much remains to be discovered as far as mechanisms and the transition 
from short-term laboratory conditions to chronic partial sleep deprivation 
in real life. Intervention studies extending sleep in habitual short sleepers 
and examining the impact on metabolic outcomes are needed to further 
address the direction of causality of the association between insufficient 
sleep, obesity, and diabetes and the potential clinical implications. 


Secular Trends in Sleep Duration 
and the Prevalence of Obesity 
and Diabetes 


Such a rapid increase cannot be explained by an 
alteration in the genetic pool; it is more likely due 
to environmental, socioeconomic, behavioral, 
and demographic factors and the interaction 
between genetics and these factors. Food market¬ 
ing practices with increased portion size and 
widespread availability of high caloric fast food 
are often cited as a major culprit, alongside 
reduced physical activity. In recent years, there 
has been an increased interest in nontraditional 
behavioral and environmental factors that could 
also contribute to the epidemic of obesity and 


In the past few decades, the prevalence of obesity 
and, consequently, of type 2 diabetes mellitus 
(T2DM) have increased alarmingly worldwide. 
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diabetes [1], Among these, one novel behavior 
that seems to have developed during the past few 
decades and has become highly prevalent is 
chronic partial sleep curtailment. 

Secular trends in sleep duration are poorly 
documented, but a comparison of surveys con¬ 
ducted in the 1960s and 1970s to those conducted 
after 2000 suggests a marked decrease in sleep 
duration. For example, in 1960, a survey study 
conducted by the American Cancer Society found 
the modal sleep duration to be 8.0-8.9 h [2] and, 
in 1975, more than 85% of the participants in the 
Older Finnish Twin Cohort reported sleeping 
more than 7 h per night [3], In contrast, the “Sleep 
in America” poll conducted by the National Sleep 
Foundation in 2008 revealed that the average 
number of hours of sleep on workdays was 6 h 
40 min, with an extension to 7 h 25 min on non¬ 
workdays [4], A report from the National Health 
Interview Survey indicated that the percentage of 
adults between the ages of 30 and 65 years who 
report sleeping 6 h or less increased by approxi¬ 
mately 5-6% between 1985 and 2004, such that 
in 2004, more than 30% of men and women in 
this age group reported sleeping 6 h or less [5], 
According to recent polls from the US Centers 
for Disease Control and Prevention (CDC), 
approximately 29% of US adults report sleeping 
less than 7 h per night, and 50-70 million have 
chronic sleep and wakefulness disorders [6], 
When sleep duration is measured objectively 
(using wrist actigraphy) rather than self-reported, 
the findings are not less alarming. For example, 
the Coronary Artery Risk Development in Young 
Adults (CARDIA) Sleep Study measured the 
sleep of adults aged 38-50 years for 3 consecu¬ 
tive days on two occasions spaced approximately 
1 year apart. The mean sleep duration was 6.1 
(± 1.2) h, and it varied across race-gender groups 
from 6.7 (± 0.9)h for white women to only 5.1 
(± 1.3)h for African-American men [7]. 

Insufficient sleep may be due to a voluntary 
restriction of time spent in bed or may be the 
result of a sleep disorder, such as insomnia or 
obstructive sleep apnea (OSA). Unfortunately, 
the vast majority of epidemiologic studies that 
addressed the relationship between sleep 


duration and the risk of obesity or diabetes did 
not distinguish between voluntary sleep curtail¬ 
ment and sleep loss due to a pathological condi¬ 
tion. Chronic partial sleep loss in contemporary 
society is certainly partly self-imposed. Our 
24-h society involves demands and opportuni¬ 
ties to extend the waking period for evening 
and nighttime work and leisure activities, and 
consequently a sacrifice of hours available for 
sleep. These relatively novel behaviors have 
had a major impact on bedtime duration and 
duration of dark exposure, resulting in later bed¬ 
times, reduced total sleep time, and the opportu¬ 
nity to be active and ingest food during the 
natural night. 

The function of sleep is most frequently 
described as a restorative process for the brain, 
but there is now abundant evidence that sleep is a 
healthy behavior that is also important for the rest 
of the body, consistent with the important modu¬ 
latory effects of sleep on neuroendocrine func¬ 
tion and glucose metabolism [8], The decrease in 
sleep duration (and the associated increase in 
sleep complaints) in modem society [9] may be 
considered as a sleep disorder because it pro¬ 
duces both daytime and nighttime alterations of 
neurobehavioral and physiological systems and 
raises concerns for a negative impact on health in 
general, not only mental health. 

The gold standard method for assessing sleep 
is polysomnography (PSG), which combines an 
all night recording of the EEG with measures of 
muscle tone and eye movements and allows for 
the scoring of sleep in stages I, II, III, IV, REM, 
and Wake. A single night of PSG does not gener¬ 
ally provide a good estimation of habitual sleep 
duration. Objective estimations of sleep duration 
and sleep fragmentation may be obtained under 
ambulatory conditions by wrist actigraphy moni¬ 
toring (WAM). WAM has been validated against 
PSG, demonstrating a correlation for sleep dura¬ 
tion between 0.82 in insomniacs and 0.97 in 
healthy subjects [10]. Lastly, a number of vali¬ 
dated questionnaires to assess subjective sleep 
duration and quality have been developed. 
Subjective sleep duration often overestimates the 
actual sleep duration [11]. 
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Short Sleep Duration and Obesity: 
Epidemiologic Evidence 

According to recent estimates, the worldwide 
prevalence of obesity has doubled since 1980 
[12], This obesity epidemic has been mirrored in 
modern society by a secular trend for reduced 
sleep duration [9], Figure 10.1 represents the 
trends in sleep duration and obesity prevalence 
from 1960 to the first decade of the twenty-first 
century. Growing evidence suggests that short 
sleep duration (SSD) may have played a role in 
the increased prevalence of obesity [14-17]. This 
section will summarize the literature examining 
the link between sleep loss and obesity, focusing 
on studies in adults. 

Of note, a number of studies have reported a 
U-shaped relationship between sleep duration 
and obesity, where both SSD (generally < 6 h) 
and long sleep duration (generally >8 h) were 
associated with higher body mass index (BMI). 
There is a general consensus that the mecha¬ 
nisms linking long sleep to obesity are not likely 
to involve the same pathways linking short sleep 
and obesity [16, 18-20], The majority of studies 
reporting a significant association between long 


sleep and obesity were based on self-reported 
sleep duration, and it has been argued that long 
sleepers may be spending more time in bed with¬ 
out obtaining more sleep. Another putative 
explanation could be that a subset of obese indi¬ 
viduals suffer from fatigue associated with a sub- 
clinical condition and spend more time in bed. A 
further possible explanation is that long sleep 
may be associated with reduced physical activity 
and that therefore the association between long 
sleep and obesity would not persist when adjust¬ 
ing for physical activity. The present chapter 
focuses on the findings relating short sleep, obe¬ 
sity, and diabetes. 

To date, more than 60 epidemiological studies 
from different geographical regions have exam¬ 
ined the association between sleep duration and 
obesity in adults. In cross-sectional approaches, 
the vast majority of studies found a significant 
association between SSD (generally < 6 h per 
night) and BMI or prevalence of obesity and/or 
overweight. A systematic review of prospective 
studies provides similar, albeit not as consistent 
results, revealing an association with being a 
short sleeper at baseline and weight gain or the 
incidence of obesity during the follow-up 
period. 


Fig. 10.1 Trends of sleep 
duration and obesity 
prevalence in the US 
population from 1960 to 
the first decade of the 
twenty-first century. The 
sleep duration estimates 
have been derived from 
McAllister et al. [13], 

US obesity prevalence is 
from Centers for Disease 
Control and Prevention 
(http://www.cdc.gov/ 
obesity/) 


Average sleep / day 
(hours) 
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A meta-analysis published in 2008 combined 
data from 18 cross-sectional studies including 
604,509 adults from 12 different countries and 
demonstrated a pooled obesity odds ratio (OR) of 
1.55 (CI:1.43-1.68; p< 0.0001) for sleep dura¬ 
tions <5 h as compared to 7-8 h [21], A dose- 
response effect became apparent such that for 
each additional hour of sleep, the BMI decreased 
by 0.35 kg/m 2 (95% confidence interval - Cl: 
-0.57 to -0.12), which would translate to a 1.4 kg 
decrease in weight in an individual of 178 cm of 
height. This study represents the first systematic 
review and meta-analysis of the population-based 
studies published up to 2008 and demonstrates a 
consistent association between sleep duration 
and obesity in different populations around the 
world. Direction of causality cannot be inferred 
from these cross-sectional studies. Table 10.1 
summarizes the prospective and cross-sectional 
epidemiologic studies published since 2008, 
which were not included in the meta-analysis by 
Cappuccio et al. [21], We were able to identify 31 
such studies, of which 10 involved a longitudinal 
analysis. Only one of the ten prospective studies 
had negative findings [46], In the cross-sectional 
studies, all but one study found a significant asso¬ 
ciation between short sleep and obesity, although 
significance was not always found for subsets of 
subjects (e.g., in men vs. women or conversely). 
The studies originated from all over the world 
and involve diverse adult populations. 

In sum, the number of concordant studies 
lends strong support to the hypothesis that SSD 
may indeed represent a risk factor for obesity. 
One caveat is that the vast majority of studies 
have assessed sleep duration by self-report with 
only five studies so far using objective assess¬ 
ment by WAM and/or PSG. Further, in the major¬ 
ity of studies, there was no information regarding 
the cause for short sleep, i.e., voluntary bedtime 
curtailment or biologic inability to obtain more 
sleep. As shown later in this chapter, laboratory 
studies where sleep was restricted experimentally 
in healthy lean volunteers and appetite regulation 
and/or food intake were examined offer some 
indication regarding the direction of causality. 
Intervention studies involving sleep extension in 


short sleepers will be important to further support 
a causative role for short sleep on the risk of obe¬ 
sity. A National Institute of Health (NIH)-funded 
randomized control trial [53] has enrolled 150 US 
short sleeper adults (< 6.5 h per night) to examine 
the feasibility of increasing sleep duration to a 
healthy length (approximately 7.5 h) and to deter¬ 
mine the effect of sleep extension on body weight. 
The findings have not yet been published. 

In the subsequent subsections, we discuss the 
findings of the studies that have used objective 
assessments of sleep duration and then summa¬ 
rize the state of knowledge regarding the possi¬ 
bility of sex differences in the relationship 
between sleep and obesity. We then briefly dis¬ 
cuss studies that have addressed the impact of 
genetics and race/ethnicity. Lastly, we review the 
few studies that have examined the contribution 
of dietary habits to the relationship between SSD 
and obesity risk. 


Studies Using Objective Measurements 
of Sleep Duration 

When examining epidemiologic studies, one 
concern is that comparative studies have shown 
that self-reported sleep duration correlates only 
moderately with more objective estimations of 
sleep duration such as those derived from WAM 
or PSG, and that self-report may overestimate the 
amount of sleep [11, 54], A discrepancy between 
self-report and sleep duration derived from WAM 
has been confirmed in the Rotterdam Study, a 
population-based cohort of elderly adults [32], In 
that cohort, men overestimated sleep duration by 
self-report by 0.61 h, while the difference between 
self-reported and measured sleep durations was 
only 0.14 h for women. The possibility of a sys¬ 
tematic bias in the estimation of the relationship 
between sleep duration and obesity was sug¬ 
gested by Lauderdale et al. who noted that obese 
persons tend to report shorter sleep duration for 
the same amount of objectively assessed sleep 
than non-obese individuals [26]. 

To date, only five studies have used objective 
methods to assess sleep duration in population 
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studies. A 2008 study by Van den Berg et al. 
recorded sleep by WAM in 983 participant of the 
Rotterdam Study of Aging and found that both 
short sleepers and long sleepers were more likely 
to be obese, compared to participants who slept 
7 to < 8 h [32], BMI also increased with sleep 
fragmentation. After adjustment for sleep frag¬ 
mentation, the relationship between short sleep 
and BMI was no longer significant whereas it 
remained significant for long sleep. Of note, in 
this cohort of elderly participants, self-reported 
habitual sleep duration was not associated with 
BMI or obesity, further suggesting that self- 
reported sleep duration may not correctly esti¬ 
mate actual sleep duration. The largest study 
based on objective sleep assessments was pub¬ 
lished by Patel et al. who analyzed WAM record¬ 
ings from a cohort of elderly men (n = 3,055; age: 
67-96 years) and women (n = 3,052; age: 
70-99 years) participating in the Osteoporotic 
Fracture Study [55], As summarized in Table 10.1, 
the study had positive findings in both men and 
women. The special interest of this cross-sectional 
study is that a subgroup of 2,862 men and 455 
women also underwent a PSG study to assess the 
presence and severity of sleep apnea. Compared 
to those sleeping an average of 7-8 h per night, 
sleep duration (based on WAM) < 5 h was associ¬ 
ated with a BMI on average 2.5 kg/m 2 greater in 
men and 1.8 kg/m 2 greater in women. Additionally 
the odds of obesity were 3.7-fold greater in men 
and 2.3-fold greater in women who slept < 5 h. 
These associations persisted after adjusting for 
the severity of sleep apnea as assessed by the 
Apnea Hypopnea Index (AHI), insomnia and 
daytime sleepiness. This remarkable study was 
the first to demonstrate that the association 
between sleep duration and obesity is in part 
dependent on the presence and severity of sleep 
apnea but persists after controlling for AHI or 
when limiting the analysis to participants without 
significant sleep apnea. While the findings sug¬ 
gest that the association between short sleep and 
obesity may be stronger in men, a direct compari¬ 
son is not possible as the women were nearly a 
decade older than the men. An additional unique 


contribution of this study is the demonstration 
that the impact of reduced sleep times (assessed 
objectively) on obesity risk is also present in 
older populations. This is in contrast with other 
reports that assessed sleep duration by self-report 
and indicated that short sleep may not be rele¬ 
vant to obesity risk in older populations [29, 
44, 56], The CARDIA Sleep Study assessed sleep 
by WAM for 6 days and involved both a cross- 
sectional and a longitudinal analysis [26], The 
cross-sectional analysis confirmed the associa¬ 
tion between SSD and higher BMI reported in 
previous studies (0.78 kg/m 2 decrease in BMI for 
each increasing sleep duration category). Greater 
sleep fragmentation was also associated with 
higher BMI. The presence of snoring (by self- 
report) significantly affected the cross-sectional 
association such that the sleep duration-BMI 
association observed across the entire sample 
was stronger among the participants who reported 
snoring. This finding suggests that obesity- 
related comorbidities such as OSA may affect 
sleep duration or conversely that OSA has an 
independent effect on obesity risk. The prospec¬ 
tive analysis did not find an association between 
sleep duration and weight change over the 5-year 
follow-up [26]. A small actigraphy-based study 
by Baron et al. [49] was innovative as it looked 
not only at sleep duration but also sleep timing. 
Sleep duration was a significant predictor of BMI 
while sleep timing did not predict BMI after con¬ 
trolling for sleep duration. Calories consumed 
after 8 p.m. predicted BMI after controlling for 
sleep timing and duration, suggesting that eve¬ 
ning eating may promote obesity risk, consistent 
with findings from animal models. Lastly, a study 
by Theorell-Haglow et al. performed a PSG in 
400 women (aged 29-70 years) participants in 
the Sleep and Health in Women Study [47], Sleep 
duration was inversely related to waist circum¬ 
ference, after adjusting for multiple confound- 
ers, including AHI. This study is consistent with 
the findings of Patel et al. [55] who found that 
the association between short sleep and obesity 
is not entirely dependent on the presence and 
severity of OSA. 
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Sex Differences in the Relationship 
Between Sleep and Obesity Risk 

Sex differences in sleep duration and quality have 
been well documented. Women have more sleep 
complaints, particularly insomnia, but are much 
less likely to have OSA than men. Somewhat 
paradoxically, objective sleep duration and the 
amount and intensity of non-REM sleep are 
higher in women than in men. There are also 
well-established sex differences in eating behav¬ 
ior. It is therefore logical that the relationship 
between sleep duration and obesity risk may be 
sex-dependent. So far, the studies that have 
addressed this issue have had contradictory or 
inconclusive results. Of note, all these studies 
assessed sleep duration by self-report. 

Two prospective studies [24, 27] and three 
cross-sectional studies [45, 51, 55] have explic¬ 
itly addressed sex differences. A few additional 
studies have included women only. 

A prospective study conducted in Spain 
reported that women reporting sleeping <5 h per 
night had increased odds of gaining 5 kg or more 
over the following 2 years compared to those 
who reported sleeping 7 h per night. This associa¬ 
tion was not found in men [24], Contrasting with 
these findings, a Japanese prospective study with 
a 1-year follow-up showed that the increased risk 
of obesity for self-described short sleepers was 
present in men but not in women [27], In this lat¬ 
ter study, the lack of a significant finding in 
women could be due to the small sample size. 
Vgontzas et al. in a cross-sectional analysis found 
a negative linear relationship between hours of 
sleep duration and BMI. When the analysis was 
stratified by sex, the association was significant 
only for men [33]. An analysis of the CARDLA 
Sleep Study indicated the existence of an inverse 
relationship between reported sleep duration and 
BMI in both sex groups, but in unadjusted analy¬ 
ses, the findings appeared more robust in women 
than in men [26]. Liu et al. were the first to exam¬ 
ine the gender-specific association of sleep dura¬ 
tion with body composition as assessed by 
Dual-emission X-ray absorptiometry (DXA) 
[51], To adjust for the decrease of sleep duration 


with age, age-specific quartiles of sleep duration 
were considered. Additionally the analysis also 
considered sleep quality factors such as sleep dis¬ 
turbance and habitual snoring. Women in the 
lowest quartile of short-sleep duration had higher 
overall and central adiposity and lower lean body 
mass when compared to those with moderate 
sleep duration (second and third quartiles). The 
association persisted after excluding subjects 
who reported either habitual snoring or sleep dis¬ 
turbance, suggesting that the sleep duration itself 
is a potential determinant of increased adiposity. 
A similar association was not found in men. 

Four studies up to date have included only 
women [22, 46, 47, 50] and all four had positive 
findings linking short sleep with obesity risk. 
Gunderson et al. found that women who reported 
shorter sleep duration (< 5 h within a 24-h period) 
at 6 months postpartum were 2.3 times more likely 
to retain at 1 year substantial postpartum weight 
(>5 kg above pre-pregnancy weight) independent 
of potential confounders including maternal socio¬ 
demographics, pre-pregnancy BMI, gestational 
weight gain, parity, and postpartum behaviors 
[22], Additionally, women who reported a reduc¬ 
tion in hours of sleep at 1 year postpartum were 
two times more likely to have substantial postpar¬ 
tum weight retention. The study from Theorell- 
Haglow et al. performed a PSG in 400 participants 
(aged 29-70 years) in the Sleep and Health in 
Women Study [47], Not only sleep duration but 
also sleep quality, as determined by sleep efficiency 
and sleep architecture (specifically minutes of 
SWS, the “deep restorative sleep”), was inversely 
related to waist circumference, after adjusting for 
age, level of physical activity, smoking status, 
alcohol consumption, and AHI. Associations were 
stronger in age <50 years. In a cohort of 5,549 US 
adult women of similar age range, Anic et al. 
confirmed an association between SSD and obe¬ 
sity [46], The association was stronger in partici¬ 
pants with morbid obesity [46], The analysis 
explored a possible causal relationship by examin¬ 
ing the association between lifetime sleep dura¬ 
tion (possibly preceding the onset of obesity) and 
obesity and found a weaker association than with 
sleep duration measured during the study. The 
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authors tentatively concluded that short sleep 
might have been the consequence of obesity. 
However, self-reported measures of lifetime sleep 
duration may be poorly reliable and have never 
been validated. Lastly, Kim et al. collected infor¬ 
mation about eating behavior and source of calo¬ 
ries and correlated to various sleep categories in a 
cohort of nearly 28,000 women only [50], SSD 
was associated with disrupted eating patterns and 
poor food choices, and thus potentially to a risk of 
weight gain and obesity. 


Impact of Genetic Factors 
and Race/Ethnicity 

A recent study examined self-reported sleep dura¬ 
tion and BMI in 1,224 twins (423 monozygotic, 
143 dizygotic, and 46 indeterminate pairs), mean 
age 36.9 years [41], In a multivariate adjusted 
analysis including all twins, the mean BMI was 
found to be 1.2 kg/m 2 higher in short sleeping 
twins (< 7 h/night) compared to twins sleeping 
7-8.9 h per night. The novelty of this study lies in 
the within-pair analyses. Even when restricted to 
monozygotic twins, the short sleeping member of 
the pair had a significantly elevated BMI by 
1.0 kg/m 2 compared to the reference group. The 
persistence of the association within individuals 
with an identical genetic background supports 
the hypothesis that behavioral curtailment of 
sleep, rather than genetic factors, drives the asso¬ 
ciation. Bivariate analysis revealed little evidence 
of shared genetics between sleep duration and 
BMI. Consistent findings were reported in a twin 
study of a Chinese rural population where herita- 
bility of sleep duration appeared to be primarily 
determined by environmental factors whereas 
heritability of body composition (assessed by 
DXA) had a strong genetic component [51], 

In a cross-sectional analysis of the CARDIA 
Sleep Study which by design enrolled similar 
proportions of middle-aged White and African- 
American men and women, a significant relation¬ 
ship between objective sleep duration based on 
WAM and BMI emerged, and this association did 
not vary by race/sex groups [26]. Another pro¬ 
spective study by Hairston et al. focused on 
minorities (322 African-Americans and 775 


Hispanic Americans men and women) known to 
be at higher risk of metabolic disorders, and used 
abdominal computer tomography scans to evalu¬ 
ate visceral and subcutaneous adipose tissue 
(VAT and SAT, respectively) [29]. After control¬ 
ling for multiple confounders, short sleep (< 5 h) 
was associated with greater fat accumulation 
over the 5-year follow-up with increased BMI 
(+1.8 kg/m 2 , />< 0.001), SAT (+41 cm 2 , 
/>< 0.0001), and VAT (+13 cm 2 ,/? <0,01) as com¬ 
pared to > 6-7 h sleepers. There were no significant 
interactions between sleep duration and race 
groups, suggesting that the impact of short sleep 
was similar in African-Americans and Hispanics. 
The relationship was significant in younger par¬ 
ticipants only (< 40 years old). Because there is 
an elevated prevalence of short sleepers in these 
ethnic minorities, these findings raise the possi¬ 
bility that their increased risk of metabolic disor¬ 
ders may be partly mediated by sleep habits. 
Knutson et al. explored the impact of ethnicity on 
the association between sleep and body size mea¬ 
sured from BMI, skin folds, arm, and calf circum¬ 
ference using data from the Hispanic Health and 
Nutrition Examination Survey (HHANES) [48], 
In a cross-sectional analysis, SSD was associated 
with larger body size in Mexican-Americans 
(n = 3,520), but not in Cubans-Americans (n = 889) 
or Puerto Ricans (n= 1,316), indicating that dis¬ 
tinct factors (e.g., diet intake vs. physical activ¬ 
ity) in different ethnic groups could influence the 
risk of weight gain. One limitation of this study is 
that the data analyzed were collected over 
25 years ago, which was at the beginning of the 
obesity epidemic and at the time when the preva¬ 
lence of short sleepers was very small. In fact 
only 3-5% of the HHANES e t h ni c groups 
reported sleeping less than 6 h per night. It is pos¬ 
sible that today the association between sleep 
duration and body size may be detectable in all 
Hispanic groups. Most recently, in a large cohort 
of almost 400,000 US adults, of whom 70% white 
non-Hispanic, there was a positive-graded rela¬ 
tionship between days of perceived insufficient 
sleep and BMI categories from normal weight 
through different obesity grades among both men 
and women and in all ethnic groups [52], Of note, 
perceived insufficient sleep does not distinguish 
between sleep duration and sleep quality. 
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Role of Dietary Habits 
in the Relationship Between 
Short Sleep and Obesity 

In 2010 and 2011, four epidemiologic studies 
examined the contribution of dietary habits to the 
association between sleep duration and obesity 
[28, 30, 49, 50], Nishiura et al. analyzed the 
dietary patterns of 2,362 non-obese Japanese 
workers. The increased risk of obesity at 4 years 
for the short sleepers (AOR 2.46 for < 6 h; 
Cl 1.41^1.31) was slightly attenuated but 
remained significant after controlling for food 
preferences and unhealthy behavior such as skip¬ 
ping breakfast, snacking, and eating out [28], In a 
prospective study with a 6-year follow-up, Bo 
et al. showed in an Italian cohort that hours of 
sleep per night, home temperature, and numbers 
of restaurant meals were each associated with 
higher obesity incidence [30], Kim et al. collected 
information regarding eating behavior in almost 
28,000 women. Short sleep (< 5 h/night) was 
cross-sectionally associated with an increased 
tendency for eating at unconventional times and 
dominance of snacks over meals [50]. These eat¬ 
ing patterns were associated with increased caloric 
intake from sweets and fat and lower intake of 
fruits and vegetables. The finding suggests that 
short sleep may promote disrupted eating patterns 
and unhealthy food choices. Lastly, a small cross- 
sectional study showed that later sleep time and 
short sleep were associated with increased BMI, 
but that the association was mostly due to the 
increased caloric intake after 8 p.m., suggesting 
that the relationship between short sleep time and 
obesity could also be mediated by the opportunity 
of ingesting food during the natural night [49]. 


Sleep Duration and Diabetes: 
Epidemiologic Evidence 

As for obesity risk, there is evidence for associa¬ 
tions of both short sleep and long sleep with an 
increased risk of T2DM [57-59], Very different 
mechanisms are likely to be involved and the 
present review will focus on short sleep only 
and on the recent and best-documented studies 


(summarized in Table 10.2). Additionally, in the 
last subsection, we review the relationship 
between short sleep and gestational diabetes risk. 


Prospective Studies 

A number of prospective studies have examined 
the association between SSD and incident diabetes. 
Ten prospective studies published between 2003 
and 2007 are included in a meta-analysis reported 
in 2010 by Cappuccio et al. [57], The estimated 
pooled OR of incident diabetes for short sleep 
was 1.28 (Cl: 1.03-1.6). There was however a 
significant sex difference. The OR was 2.07 
(Cl: 1.16-3.72) for men but only 1.07 (Cl: 0.90- 
1.28) for women. Difficulty initiating sleep and 
difficulty maintaining sleep were also significant 
predictors of incident diabetes. We will review 
here the recent prospective epidemiologic studies 
that were not included in this meta-analysis [57]. 

In a 2009 article, Chaput et al. examined the 
predictors of T2DM or impaired glucose toler¬ 
ance (IGT), as assessed by the oral glucose toler¬ 
ance test (OGTT), over a 6-year follow-up period 
in 276 participants of the Quebec Family Study 
[58], Sleep was self-reported. After adjusting for 
multiple confounders, using adults with 7-8 h of 
sleep as a reference, the adjusted relative risk 
(RR) for the development of T2DM/IGT was 
2.78 (Cl: 1.61-4.12) for those with sleep duration 
< 6 h. The RR was attenuated but remained 
significant after adjustment for BMI, waist cir¬ 
cumference, or percent body fat. The latter finding 
suggests that obesity could partially mediate the 
developing of T2DM in short sleepers. Data from 
a community-based cohort of nondiabetics men 
and women from the Western New York Health 
Follow-up Study followed for an average of 
6 years were used to examine biomarkers that pre¬ 
dicted the incidence of T2DM [61]. Participants 
who were free of T2DM and cardiovascular dis¬ 
ease at baseline (1996-2001) were reexamined in 
the period 2003-2004. Sleep duration < 6 h was 
categorized as short sleep and sleep duration of 
6-8 h served as the reference. A nested case-con¬ 
trol study was used to test the hypothesis that 
being a short sleeper at baseline is associated 
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with an increased likelihood of developing 
impaired fasting glucose (IFG) independently of 
diabetes risk factors and several confounding 
variables. From their final cohort of approxi¬ 
mately 900 individuals, 91 cases progressed from 
normal fasting glucose to IFG over the 6-year 
follow-up. Each case was matched with up to 
three controls (subjects who had normal fasting 
glucose at both exams, n = 273) based on sex, 
race (white vs. other), and duration of follow-up. 
The average number of hours of weekday sleep 
duration was 6.8 vs. 7.1 (p =0.019) for cases and 
controls, respectively. Also the HOMA IR, a 
measure of insulin resistance, was higher in the 
cases than in the controls. Short sleep was associ¬ 
ated with a threefold increased likelihood of 
developing IFG at 6 years. When HOMA IR was 
included in the statistical model, the contribution 
of short sleep was attenuated and no longer statis¬ 
tically significant, suggesting that insulin resis¬ 
tance explains in part the association. 

The National Institutes of Health (NIH)- 
AARP Diet and Health was a large prospective 
study established in 1995-1996 to examine the 
relationship between diet and health behaviors 
and cancer [62], Six months into the study 
(1996-1997), a question on hours of day napping 
and night sleeping was introduced. In 2004- 
2005, a questionnaire asking to report major 
chronic diseases including T2DM was mailed to 
the participants. The final sample included 
164,399 participants without diabetes and 10,143 
participants with diabetes diagnosed after 2000. 
[62], Both SSD (< 5 h) and daytime napping 
(> 1 h) were independently associated with risk 
of incident T2DM, after controlling for several 
variables, including health-related and socioeco¬ 
nomic factors, family history of T2DM, and total 
energy intake. Duration of daytime napping in 
1996-1997 was associated with higher risk of 
diabetes in 2004-2005 in a dose-response man¬ 
ner and in each subgroup of night sleeping 
duration, after controlling for variable factors, 
including physical activity. The adjusted RR was 
moderately attenuated after adjustment for BMI 
alone or simultaneously with physical activity. 
The novelty of this study is the prospective 


examination of daytime napping as an independent 
risk factor for T2DM. Daytime napping had 
been previously linked to diabetes in cross- 
sectional studies, where the direction of causa¬ 
tion could not be inferred and the increased 
napping was interpreted as a consequence rather 
than a cause of diabetes [70-72], Daytime nap¬ 
ping could be a marker of poor sleep quality or/ 
and of other conditions such as OSA and depres¬ 
sion which have been linked to increased risk of 
diabetes. 

Both SSD and T2DM are more prevalent in 
ethnic/racial minorities than in whites [7, 73, 74], 
and therefore there may be an interaction between 
sleep duration and race/ethnicity as predictors of 
the incidence of diabetes. Beihl et al. evaluated 
the association between sleep duration and 
incident T2DM in the Insulin Resistance 
Atherosclerosis Study (IRAS), a cohort including 
African-Americans (AA), Hispanic, and non- 
Hispanic whites (NHW) [60]. They confirmed 
that sleep duration differed by race/ethnic group 
with the longest mean sleep duration of 7.1 h in 
the NHW, 6.8 h per night for Hispanics, and 6.3 h 
per night for AA. Furthermore, they observed a 
strong interaction between short sleep and race/ 
ethnicity as predictors of incident diabetes, with a 
significant association present in NHW and 
Hispanics but not in African-Americans, after 
controlling for multiple variables. 

In an Italian study of 1,282 patients recruited 
from the practice of six independent family phy¬ 
sicians and studied at baseline and after 6 years 
of follow-up [30], predictors of incidence of obe¬ 
sity and fasting hyperglycemia (including IFG 
and diabetes) were examined. A total of 979 sub¬ 
jects had normal fasting glucose levels at base¬ 
line. In a multiple logistic regression analysis, 
after adjusting for sex, education level, alcohol 
intake, baseline BMI and glucose, and multiple 
putative risk factors for diabetes, the incidence of 
obesity but not of fasting hyperglycemia was 
related to the hours of sleep. It is noteworthy that 
laboratory studies have been consistent in indi¬ 
cating that post-challenge glucose levels are more 
readily increased by sleep restriction than fasting 
values. 
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Cross-Sectional Studies 

Most cross-sectional population studies of the 
relationship between sleep and metabolism relied 
on self-reported sleep duration. 

A study reported by Vgontzas et al. in 2009 is 
unique in using PSG to examine in a cohort of 
1,741 adults the joint effects of insomnia and 
objective SSD on diabetes risk [63], while con¬ 
trolling for sleep apnea, a major confounder for 
both sleep disturbance and risk of T2DM. 
Complaining of insomnia for 1 year and having 
the lowest objectively defined sleep duration 
(< 5 h) increased the odds for prevalent diabetes 
by nearly threefold (OR 2.95; Cl 1.24-7.05), 
compared with the group who had no insomnia/ 
poor sleep complaint and slept for >6 h. The risk 
did not change after adjusting for PSG variables 
such as number of awakenings, number of sleep 
stage changes, percentage of stage 1 sleep, and 
periodic limb movements. The second highest 
OR was found in the group of insomniacs who 
slept 5-6 h, with a near twofold but nonsignificant 
increase in the risk of diabetes. Finally, objective 
SSD in the absence of a sleep complaint was 
associated with a nonsignificant increase in the 
odds for diabetes, but this subgroup was of rela¬ 
tively small size. Shankar et al. [65] examined 
the data on 372,144 participants of the Behavioral 
Risk Factor Surveillance System (BRFSS), a 
large multiethnic, nationally representative, 
cross-sectional survey conducted annually by the 
Center for Disease Control (CDC) in men and 
women, of all race-ethnicities from all 50 US 
states, the District of Columbia, and the three ter¬ 
ritories. A recent report based on this survey 
found that an estimated 11.1% of Americans 
reported experiencing insufficient rest or sleep 
every day for the preceding 30 days and only 
30.7% of respondents reported no days of 
insufficient rest or sleep [6], The analysis by 
Shankar et al. focused on cardiovascular disease, 
diabetes mellitus, and obesity in relationship to 
days of insufficient rest or sleep. Increasing cat¬ 
egories of self-reported insufficient rest/sleep in 
the previous month were found to be positively 
associated with all three outcomes. Specifically 
13 days of insufficient sleep in 1 month compared 


to 0 days increased the risk of diabetes by 30%, 
with a graded relationship to the number of days, 
after adjustment for a large number of potential 
confounders. This relationship persisted when 
men and women were analyzed separately. The 
strength of this study is the very large size of the 
cohort and the equal representation of men and 
women. One caveat is that perceived insufficient 
rest or sleep is a subjective measure; additionally, 
it may be related to other factors such as underly¬ 
ing sleep disordered breathing (SDB), psychoso¬ 
cial stress, depressive symptom, endocrine 
disorders, or the effect of lifestyle choices which 
all may predispose to diabetes mellitus and car¬ 
diovascular disease. An analysis of data of the 
2004-2005 US National Health Interview Survey 
in 56,507 adults, 49% males, age range 
18-85 years, showed that both short sleep (< 7 h) 
and long sleep (>8 h) were positively associated 
with the risk of obesity, diabetes, hypertension, 
and cardiovascular disease [42]. The researchers 
employed a multilevel logistic regression, simul¬ 
taneously controlling for individual characteris¬ 
tics (e.g., ethno-racial group, gender, age, 
education), other health behaviors (e.g., exercise, 
smoking), family environment (e.g., income, 
size, education), and geographic context (e.g., 
census region). The CARDIA Sleep Study col¬ 
lected information on objective sleep duration 
and fragmentation by WAM in more than 600 
middle-aged adults. A recent paper from Knutson 
et al. [66] examined the association between 
sleep measures and fasting glucose, fasting insu¬ 
lin, and HOMA-IR in participants with and with¬ 
out diabetes. Sleep fragmentation, but not habitual 
sleep duration, was related to higher fasting glu¬ 
cose, insulin, and estimated insulin resistance in 
subjects with diabetes but not in those without 
diabetes. These findings are consistent with a 
previous survey study from the same group [75] 
which showed that self-reported sleep distur¬ 
bances may adversely affect diabetes control. 

Kim et al. examined the data from the Third 
Korean National Health and Nutrition 
Examination Survey 2005 in 1,652 male adults 
[64], SSD (< 5 h, self-reported) was significantly 
associated with an increased prevalence of diabe¬ 
tes among men without abdominal obesity (AOR 
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of diabetes 2.40; Cl: 1.18—4.91) compared to 
those with sleep duration of 7 h after adjustment 
of age, smoking, drinking, exercise, education, 
household income, residential area, hypertension, 
general obesity, abdominal obesity, high triglyc¬ 
eride, low HDL-C, and high cholesterol. The 
adjusted OR for diabetes was not significantly 
elevated in short sleepers with abdominal obe¬ 
sity, suggesting that abdominal obesity may have 
had a predominant role on diabetes risk. This was 
the first study that demonstrated an association 
between sleep duration and diabetes in an Asian 
population. Chao et al. examined the relationship 
between sleep duration and prediabetes/newly 
diagnosed T2DM in a Taiwanese population [59], 
After excluding the subjects with a high risk of 
OS A, those with a positive history of T2DM, and 
those taking hypnotic drugs, a total of 3,470 
adults were recruited. Each subject completed a 
questionnaire on sleep duration and lifestyle fac¬ 
tors. Subjects were classified into short (< 6.0 h), 
normal (6.0-8.49 h), and long sleepers (> 8.5 h). 
The proportion of subjects with normal glucose 
tolerance, prediabetes, and newly diagnosed 
T2DM was 71.9, 22.9, and 5.2%, respectively. 
There were significant differences in age, sex, 
weight, education level, BMI, waist to hip ratio, 
systolic and diastolic blood pressure, alcohol and 
coffee drinking habits, family history of T2DM, 
and sleep duration among the three glycemic 
groups. In a multinomial regression, both short 
and long sleepers had a higher risk of newly diag¬ 
nosed T2DM with an OR of 1.55 (Cl: 1.07-2.24) 
and 2.83 (Cl: 1.19-6.73), respectively, even after 
adjustments for age, sex, education level, family 
history of T2DM, cigarette smoking, alcohol and 
coffee drinking, and physical exercise. 
Furthermore, this association remained significant 
even after controlling for both general and cen¬ 
tral obesity. Sleep duration was not found to 
relate to prediabetes. 


Studies in Pregnancy 

Pregnancy is a condition of increased insulin 
resistance, and women with risk factors for dia¬ 
betes such as family history, obesity, and exces¬ 


sive pregnancy-related weight gain may develop 
hyperglycemia during pregnancy, referred to as 
gestational diabetes mellitus (GDM). Decreases 
in both duration and quality of sleep are common 
in pregnant women [76, 77] as a result of hor¬ 
monal and physical factors. Based on the epide¬ 
miologic data in the general adult population 
discussed above, it is conceivable that pregnant 
women with insufficient sleep or poor sleep qual¬ 
ity may be at increased risk of GDM. Most epide¬ 
miologic studies have not included pregnant 
women; hence very little is known regarding this 
question. 

We discuss here three studies that have exam¬ 
ined the risk of GDM in women with sleep dis¬ 
turbances, including insufficient sleep. In a pilot 
study, Qiu et al. interviewed 1,290 women during 
early pregnancy to obtain self-reported measures 
of habitual sleep duration and snoring behavior 
[67], Results from screening and diagnostic test¬ 
ing for GDM were abstracted from medical 
records. After adjusting for maternal age and 
race/ethnicity, women who reported sleeping 
< 4 h per night during early pregnancy had a 5.6- 
fold increased risk of GDM as compared with 
those women who reported sleeping 9 h per night 
(the reference group) (RR = 5.56; Cl 1.31-23.69). 
The positive association remained, although 
somewhat attenuated, after further adjustment for 
maternal pre-pregnancy BMI (RR = 4.18; Cl 
0.94-18.60). Overall, snoring was associated 
with a nonsignificant 1.86-fold increased risk of 
GDM (RR= 1.86; Cl 0.88-3.94). The risk of 
GDM was particularly elevated among over¬ 
weight pregnant women who reported snoring. 
Compared with lean pregnant women who did 
not snore, those who were overweight and snored 
had a 6.9-fold increased risk of GDM (Cl 2.87- 
16.6). Facco et al. conducted a prospective cohort 
study in a convenience sample of healthy nullipa- 
rous women during pregnancy [68], The women 
responded to a survey addressing sleep duration 
and SDB symptoms early and again later in preg¬ 
nancy. SSD was defined as < 7 h per night. 
Subjects were asked about snoring and snoring 
frequency. Frequent snoring, used as a surrogate 
marker of SDB, was defined as snoring > 3 nights 
per week. Outcomes in women who reported 
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SSD or frequent snoring while pregnant (early 
and/or late pregnancy) were compared to out¬ 
comes in women without these sleep complaints. 
A total of 189 women participated, 48% reported 
SSD, and 18.5% reported frequent snoring. 
Impaired glucose tolerance and GDM were more 
frequent in women with these sleep disturbances. 
Both SSD (10.2% vs. 1.1%; p=0.008) and fre¬ 
quent snoring (14.3% vs. 3.3%; p = 0.009) were 
associated with a higher incidence of GDM com¬ 
pared to women without sleep complaints, even 
after controlling for potential confounders. 
Reutrakul et al. enrolled pregnant women sched¬ 
uled to undergo a 50-g OGTT during the second 
trimester of gestation, according to standard of 
care [69]. Subjects completed standardized ques¬ 
tionnaires assessing daytime sleepiness, SDB 
risk, sleep quality and duration, and sleep distur¬ 
bance due to nocturia or other causes. There was 
an inverse correlation between sleep duration and 
1-h glucose values post 50-g OGTT (r=-0.21, 
p<0.01) such that each hour of shorter sleep was 
associated with a 4% glucose increase. They also 
noted an increased incidence of preterm delivery 
in short sleepers. In addition, sleep disturbances, 
including frequent snoring (after adjustment for 
BMI), increased SDB risk, short sleep, and a 
combination of increased SDB and short sleep, 
were associated with a significantly higher risk of 
developing GDM. 

These three studies emphasize the need for 
more research to characterize the impact of sleep 
disturbances on the risk of GDM and on preg¬ 
nancy outcomes as well as the need for interven¬ 
tion studies to examine the possible beneficial 
effects of optimizing sleep duration and quality 
during pregnancy. 


Impact of Sleep Restriction 
on Obesity Risk: Laboratory Studies 

While a large body of epidemiologic evidence 
has pointed to an association between sleep loss 
and the increased risk of obesity, the direction of 
causality and the underlying mechanisms are still 
unclear. Theoretically, sleep loss could affect 
energy balance via a decrease in energy expendi¬ 


ture or an increase in energy intake. To date, lab¬ 
oratory studies examining the impact of 
experimental sleep deprivation have mainly 
focused on energy intake and/or the hormonal 
signals known to regulate hunger and appetite 
(e.g., leptin, ghrelin, PYY). The potential impact 
of sleep loss on energy expenditure has been 
much less explored. 

Studies of acute total sleep deprivation (TSD) 
(as compared to normal nighttime sleep) con¬ 
ducted more than two decades ago demonstrated 
unequivocally that the presence or absence of 
sleep has a major impact on pituitary-dependent 
hormonal regulation and glucose metabolism 
[78], In the first part of this section, we review the 
findings from laboratory studies that have used 
protocols of TSD to examine the role of sleep and 
circadian rhythmicity in the 24-h profiles of hor¬ 
mones involved in the neuroendocrine regulation 
of appetite (first part of Table 10.3). To date, such 
studies have focused only on leptin and ghrelin. 
We then summarize the results from a growing 
number of laboratory studies that have explored 
the effects of partial sleep deprivation (PSD) on 
caloric intake, weight gain, hunger, and appetite 
and the levels of hormones known to affect 
energy metabolism (second part of Table 10.3). 


TSD Studies: Impact on Leptin 
and Ghrelin 

Leptin, a hormone secreted by the adipocytes, 
provides information about energy status to the 
neural networks regulating homeostatic feeding 
in the hypothalamus [99, 100], In humans acute 
caloric shortage or surplus leads to decreased or 
increased circulating leptin levels, respectively 
[100, 101], These changes in leptin concentra¬ 
tions have been associated with reciprocal 
changes in hunger [101], The 24-h leptin profile 
is not only dependent on the timing and amount 
of food intake, but appears to be also modulated 
by sleep and circadian rhythmicity. In a landmark 
study, when bedtimes were shifted by 8 h and the 
impact of meal intake was eliminated by admin¬ 
istering continuous enteral nutrition to healthy 
lean young volunteers, a leptin elevation was 































154 


11 


! 


| Ij 

tilil 


111 


! 1 

I hi I 


JilSiiiyiiyiiii 


III! 


15 

8 


ft} 

m 

111 


If- i! 

ill 111 


£2 


I 

| 

lit 

HI 


1.1 

i 


|| 


1 


£ 

1 

11,1 


I 

6.S 

Sis 

ill 


o ^ 


< 1 , 


1 




I 

ill 


I 1 | 

U»1 si! 


Iff If 

III ll 

HI, !§ 
did! id 














Leptin (24 h profile): unchanged 
Acylated ghrelin (24 h profile): 


10 The Connection Between Sleep Loss, Obesity, and Type 2 Diabetes 


155 





156 


S. Pannain et al. 


observed when sleep was allowed during the 
daytime after the night of TSD [79], suggesting 
that the sleep state, irrespective of time of day, 
affects leptin release. The possibility that sleep 
may promote the release of leptin and thus the 
control of satiety was further supported by the 
demonstration that prolonged TSD resulted in a 
decreased amplitude of the leptin diurnal varia¬ 
tion and that sleep recovery restores the normal 
circadian variation [80]. While the two previous 
studies [79, 80] included only men, more recent 
work by Pejovic et al. involving both men and 
women confirmed a dampening of the 24-h circa¬ 
dian rhythm of leptin following a night of TSD 
but the flattening of the rhythm was due to higher 
daytime, rather than lower nighttime, levels 
[102], Hunger ratings were unchanged but caloric 
intake and meal composition were not strictly 
controlled. 

Ghrelin, a peptide produced predominantly by 
the stomach, is also involved in energy homeo¬ 
stasis, but, in contrast to leptin, ghrelin stimulates 
appetite [103]. The 24-h profile of ghrelin levels 
shows a marked nocturnal rise, which reflects at 
least partly the rebound of ghrelin following sup¬ 
pression by the evening meal. The nocturnal 
rebound is eventually attenuated as the night pro¬ 
gresses, suggesting the inhibitory effects of sleep 
on ghrelin secretion, and therefore on the hunger- 
promoting effects of ghrelin [104], The impact of 
TSD on the nocturnal ghrelin profile has been 
examined in only one study in which the noctur¬ 
nal ghrelin elevation was paradoxically damp¬ 
ened when subjects were sleep deprived [81]. 
More recently, Schmid et al. reported that a single 
night of TSD resulted in increased subjective 
hunger the following morning [82] but neither 
leptin nor ghrelin levels were assessed. 


PSD Studies: Impact on Leptin 
and Ghrelin 

The pioneer “sleep debt study” of Spiegel et al. 
looked at the impact of recurrent PSD (bedtime 
restricted to 4 h per night for 6 nights, as com¬ 
pared to a fully rested condition) in healthy young 
men and demonstrated a robust decrease of leptin 


levels throughout the 24-h cycle, despite identical 
amounts of caloric intake, similar sedentary con¬ 
ditions, and stable weight [84], The magnitude of 
the decrease was comparable to that observed in 
a similar subject population after 3 days of under¬ 
feeding by approximately 900 cal/day [105]. 
These observations confirmed preliminary 
findings by Guilleminault et al. [83] who reported 
that 7 nights of sleep restriction to 5-h bedtimes 
led to a reduction in peak nocturnal leptin levels. 
In the “sleep debt study,” the reduction in leptin 
levels in the debt condition was paralleled by an 
increase in peripheral sympathetic nervous activ¬ 
ity, measured via an analysis of heart rate vari¬ 
ability. The findings suggested that repeated PSD 
could result in a reduced ability of leptin to accu¬ 
rately sense energy balance. The findings sug¬ 
gested that if exposed to ad libitum food, the 
subjects, under sleep restriction, would have 
increased their food intake and possibly gained 
weight. This initial demonstration of an adverse 
impact of sleep loss on appetite regulation was 
confirmed and extended in a follow-up random¬ 
ized crossover design study examining the impact 
of 2 nights of 4 h as compared to 8 h in bed on 
leptin, ghrelin, and hunger and appetite [85]. 
Relative to the rested condition, sleep restriction 
was associated with an 18% decrease in leptin 
levels, a 28% increase in ghrelin, and more than 
70% increase in the ghrelin:leptin ratio [85]. 
Hunger showed a 23% increase and appetite for 
nutrients with high carbohydrate content (such as 
sweets, salty snacks, and starchy foods) was 
increased by more than 30% [85]. Importantly, 
there was a remarkable correlation between the 
increase in subjective hunger ratings and the 
increase in the ghrelin:leptin ratio. 

Based on these initial findings, subsequent 
PSD studies examined measures of caloric 
intake. A preliminary study in 10 healthy young 
adults estimated that after 4 nights of restricted 
sleep to 4.5 h in bed, participants ingested on 
average an excess of more than 400 kcal from an 
ad libitum buffet relative to when they were 
allowed 8.5 h bedtimes. This nearly 14% increase 
in caloric intake was achieved mainly by excess 
intake of carbohydrate-rich nutrients [91]. 
Confirming and extending these findings, a recent 
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randomized crossover study comparing 5 nights 
of 4 h in bed to 5 nights of 9 h in bed in 15 men 
and 15 women found that when presented with ad 
lib food on the fifth day of each condition, the 
subjects consumed nearly 300 more Kcal when 
sleep restricted [98], There was no significant 
impact of sex on this increase in caloric intake. 
Of note, in these two studies involving ad libitum 
conditions, caloric intake was controlled and kept 
identical under both sleep conditions prior to 
access to ad libitum food. In another study, 14 
young women were exposed to an ad libitum diet 
during an 8-day at home protocol including 
2 days of bedtimes > 8 h, followed by 4 days of 
bedtime progressively decreased to 7 h, 6 h, 6 h, 
and 4 h (for a total of 9 h of bedtime loss over a 
4-day period relative to 8 h in bed). Sleep was not 
recorded and caloric intake was self-reported. 
The women reported on average a 20% increase 
in food consumption over the 4 days of sleep 
restriction and 11 of the 14 participants experi¬ 
enced weight gain (mean: +0.4 kg) [87], A ran¬ 
domized crossover design study of 14 nights of 
sleep restriction or extension by ±1.5 h per night 
in overweight middle-aged adults who had ad 
libitum access to palatable food throughout the 
study demonstrated an increased consumption of 
carbohydrates and calories mostly from snacks, 
particularly in the evening and overnight, in the 
restricted sleep condition [92], In this study, 
significant weight gain was observed under both 
sleep conditions because the participants con¬ 
sumed excessive amounts of calories in the “obe- 
sigenic” sedentary environment of the 
laboratory. 

When interpreting the findings regarding the 
neuroendocrine regulation of appetite from stud¬ 
ies that provided ad libitum access to food, one 
must keep in mind that weight gain may obliter¬ 
ate or obscure the impact of sleep loss on leptin 
and/or ghrelin since the release of both hormones 
is readily affected by changes in adiposity. A 
recent study in a large sample (n= 136) observed 
an increase in morning leptin levels after five to 7 
nights of bedtime restriction to 4 h per night [95], 
This increase in leptin levels was larger in women 
than in men and also larger in those with higher 
baseline BMI. The findings are suggestive of 


increased food intake and consequent weight 
gain following sleep restriction. However, nei¬ 
ther food intake nor changes in body weight 
across the study period were evaluated. 

Infrequent sampling for leptin and/or ghrelin 
(both hormones are secreted in a pulsatile fash¬ 
ion, and are modulated by circadian rhythmicity) 
may also complicate data interpretation. For 
example, in a study involving a single assessment 
of satiety and leptin levels at 7:30 a.m. after 5 
nights of 4 h in bed (bedtimes from 3 a.m. to 
7 a.m.) and after five nights of habitual sleep 
(bedtimes from 11 p.m. to 7 a.m.), no effect of 
bedtime restriction on satiety could be detected 
and leptin levels were elevated, rather than 
decreased [94], However, bedtime restriction was 
achieved by delaying the timing of lights off, a 
condition that usually results in a phase delay of 
the central circadian pacemaker. As the nocturnal 
elevation in leptin levels is influenced by circa¬ 
dian rhythmicity [79], the elevated morning lep¬ 
tin level is likely to reflect a phase delay of the 
nocturnal rise in leptin. 

Short-term studies involving one or two nights 
of bedtime restriction as compared to normal 
sleep have had variable results. A 2010 study 
comparing one night of 8 h in bed vs. one night of 
4 h in bed in a randomized crossover design con¬ 
ducted in 12 young lean men observed a large 
increase in caloric intake (+22% or nearly 560 
Kcal) and an increase in hunger ratings before 
breakfast and dinner [97]. In a subsequent study 
comparing 2 nights of 4 h 15 bedtimes vs. 2 
nights of 8 h 15 bedtimes, appetite ratings, day¬ 
time levels of leptin and ghrelin, hunger, and 
calories consumed were similar after both sleep 
conditions. Of note, the first experimental day 
was spent under ambulatory conditions and food 
intake was not controlled [89]. A recent report 
where bedtimes were restricted to 3 h for only 
one night and leptin levels were measured in 
saliva at two isolated time points during the fol¬ 
lowing day did not find significant changes in 
hunger or craving scores, while morning leptin 
levels were elevated after short sleep [93]. 

Lastly, a recent report has examined for the first 
time the response of PYY levels of sleep restriction. 
PYY is a peptide secreted by the neuroendocrine 
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L cells in the ileum and colon in response to a 
meal. The postprandial release of PYY appears to 
be involved in meal-related satiety and to con¬ 
tribute to meal termination. Similarly, glucagon¬ 
like peptide-1 (GLP-1) is secreted by the same L 
cells in response to a meal and has multiple 
actions, mostly related to glucose homeostasis, 
and decreases food intake by increasing satiety 
via central nervous system (CNS) mechanisms. 
Adiponectin, released by adipose tissues, pro¬ 
motes insulin sensitivity. Levels of adiponectin 
are reduced in obese and diabetic subjects. The 
study with PYY determinations involved 2 nights 
of 5 h in bed as compared to a fully rested night 
(8-10 h in bed) and examined peripheral levels of 
PYY, ghrelin, adiponectin, and leptin in young 
healthy men [90], Satiety was reduced and levels 
of PYY were lower in the sleep loss condition. 
The other hormones were not affected. Although 
hormonal levels were assessed at a single time 
point upon awakening, this is the first report of 
decreased PYY levels after sleep restriction in 
humans, which could represent another mecha¬ 
nism underlying the reduced feeling of satiety 
consistently reported by sleep-deprived individu¬ 
als. Lastly, young healthy men and women stud¬ 
ied in a forced desynchrony protocol (involving 
over 1 month of laboratory conditions on a 28-h 
sleep-wake and dark-light cycle with four isoca¬ 
loric meals per 28-h cycle) exhibited lower leptin 
levels when they ate and slept 12 h out of phase 
from their usual schedule [106], Sleep efficiency 
was 67% when circadian disruption was maxi¬ 
mal, compared to 84% in conditions of circadian 
alignment. The findings are consistent with an 
inhibition of leptin levels by sleep disruption but 
the relative contributions of circadian misalign¬ 
ment and sleep loss in such a protocol cannot be 
unambiguously dissected. 

Cross-sectional population studies that exam¬ 
ined leptin levels in relation to sleep duration 
have had conflicting findings. In the Wisconsin 
Sleep Cohort study, 5 h of habitual sleep time as 
compared to 8 h of sleep and both self-reported 
habitual sleep duration and PSG were obtained. 
Short habitual sleep was associated with a 15.5% 
decrease in morning leptin levels, while short 
PSG-based sleep duration was associated with 


14.9% increase in morning ghrelin levels, after 
controlling for BMI [19]. In contrast, in a more 
recent study by Hayes et al. on data from the 
Cleveland Family Study, for each hour of 
decreased sleep there was a 6% increase in leptin 
levels after controlling for obesity and associated 
comorbidities [107], A recent paper by Knutson 
et al. suggests that the data obtained in lean sub¬ 
jects may not be easily extrapolated to individu¬ 
als with obesity [108]. The authors performed a 
cross-sectional analyses of data from participants 
in an ongoing sleep extension study of obese men 
and women, aged 18-50 years, who report sleep¬ 
ing less than 6.5 h per night on average [53]. 
Habitual nocturnal sleep duration and quality 
were also estimated using WAM. SDB was 
assessed over one night using a portable screen¬ 
ing device. Using the baseline data available on 
80 participants at the time of the analysis, no 
significant associations between leptin levels 
adjusted for the degree of adiposity and any of 
the sleep measures, including sleep duration, 
sleep efficiency, and SDB, were found. 

In summary, the bulk of the current evidence 
from laboratory studies of sleep restriction points 
to a dysregulation of appetite. Inconsistent 
findings regarding the neurohormonal control of 
appetite during partial sleep restriction may be 
attributed to differences in the study design such 
as the duration of sleep restriction (1-2 vs. mul¬ 
tiple days), the circadian timing of the restricted 
bedtimes, caloric intake and weight changes dur¬ 
ing the study, and finally the timing and frequency 
of hormonal measurements. The original finding 
of a decrease in leptin levels after PSD was 
obtained under conditions of strictly controlled 
caloric intake, fixed circadian timing, and BMI 
was unchanged [84, 85], When feeding is ad libi¬ 
tum, an increase in weight generally occurs and 
has therefore the opposite effect on leptin levels, 
which may be more responsive to changes in adi¬ 
posity than to changes in sleep duration. Ghrelin 
levels were measured in only one of the six stud¬ 
ies. It is possible that the impact of sleep restric¬ 
tion on the neuroendocrine regulation of appetite 
is more clearly apparent in conditions of weight 
maintenance caloric intake or in conditions where 
caloric intake is lower than energy requirements. 
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If this was the case, sleep restriction could under¬ 
mine the success of a reduced calorie diet by 
decreasing the compliance to the dietary regimen 
and its efficacy. The findings of a recent study 
[96] support this hypothesis. 


Sleep Loss and Energy Expenditure 

Beside the changes in neurohormones involved in 
the regulation of food intake, reduced energy 
expenditure (EE) is to date a poorly explored 
pathway that could also link short sleep and the 
risk of obesity. The amount of total daily energy 
expenditure (TEE) comprises three components: 
(1) Resting metabolic rate (RMR, 60% of TEE) 
defined as the energy expenditure of an individual 
under basal conditions (at rest, after an overnight 
fast); (2) Thermic effects of meal (TEM 10% of 
TEE), which includes the energy expenditure 
involved in digestion, absorption metabolism, and 
storage of food; (3) Activity-related energy expen¬ 
diture (AEE, 30% of TEE), which involves all 
volitional and non-volitional activities. For most 
individuals, AEE is not accounted for by physical 
exercise, but rather by low-moderate intensity 
activities of daily living such as sitting, standing, 
walking, and other occupational, volitional, and 
spontaneous activities, all together referred to as 
nonexercise activity thermogenesis (NEAT) [ 109] . 
AEE is the most variable component of TEE, has 
a major weight in the energy balance equation, 
and is critical for long-term weight maintenance. 

Subjects with sleep problems and/or excessive 
daytime sleepiness have reported significant 
reductions in energy ratings and in levels of 
physical activity [110, 111], which could reflect 
both reduced amounts of exercise and reductions 
in NEAT, and thus an overall decrease in AEE. 
Subjective sleepiness and fatigue increase imme¬ 
diately and significantly with sleep deprivation 
[112], however, is not clear if these would affect 
volitional or non-volitional daily activities or 
other components of TEE. Prospective data from 
the Nurses’ Health Study showed differences in 
risk of weight gain in short sleepers but no differ¬ 
ence in self-reported levels of voluntary activity 
in the women sleeping < 6 h per day vs. those 


sleeping 7 h per day [113]. In the cross-sectional 
analysis of the CARDIA sleep study, BMI was 
independently associated with sleep duration and 
sleep fragmentation in over 600 early-middle- 
aged adults, and this association was not modified 
by accounting for self-reported levels of physical 
activity [26], In participants in the Third National 
Health and Nutrition Examination Survey, self- 
reported fatigue was associated with a higher 
BMI, higher waist circumference, and a reduced 
likelihood of getting recommended levels of 
physical activity [114]. 

The findings from the five studies that exam¬ 
ined the impact of short-term sleep restriction on 
physical activity have not been entirely consis¬ 
tent. In comparison with a rested night (7 to > 8 h 
in bed), Schmid et al. demonstrated that sleep 
restriction to 4 h for 2 nights led to a reduction in 
physical activity measured by accelerometry 
under free-living conditions, but there were no 
significant changes in food intake, hunger and 
appetite, and levels of leptin and ghrelin [89]. In 
contrast, Brondel et al., also using accelerometry, 
observed increased physical activity in the after¬ 
noon and evening after one night of PSD [97], 
but caloric intake increased by 560 kcal with 
sleep deprivation, likely resulting in a overall 
positive energy balance. Bosy-Westphal et al. 
studied 14 healthy lean and obese women after 4 
nights of 5.5 h in bed, by indirect calorimetry; 
compared to the rested condition (9 h sleep for 2 
nights), there was no change in resting EE, even 
when adjusted for fat-free mass or total EE. In a 
protocol involving a more prolonged sleep 
restriction (14 nights of 5.5 h vs. 14 nights of 
8.5 h in bed) in healthy overweight subjects who 
remained in the laboratory under sedentary con¬ 
ditions, total EE assessed by the gold standard 
doubly labeled water method, RMR assessed by 
indirect calorimetry, and the TEM were not 
affected by the bedtime condition [87]. The most 
recent study [98] examined EE by the doubly 
labeled water method in subjects who partici¬ 
pated in a randomized crossover design compari¬ 
son of 5 nights of 4 h in bed vs. 5 nights of 9 h in 
bed and did not detect a difference in TEE. 

In sum, the bulk of the evidence points at 
reduced or unchanged energy expenditure in 
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subjects submitted to repeated partial sleep loss. 
Of note, a recent study that compared total energy 
expenditure during a night of sleep and during a 
night of TSD in subjects who remained in a whole 
room indirect calorimeter for 3 days found that 
the energy cost of sustained wakefulness across 
the night under sedentary conditions was only 
134 ±2 Kcal [115]. The energy cost of sleep 
restriction by 2—4 h per night is likely to be less, 
may be as low as 50-70 Kcal, in sharp contrast 
with 300-600 Kcal increases in energy intake 
which were observed in several laboratory stud¬ 
ies of partial sleep restriction [87, 98]. 


Impact of Sleep Restriction on 
Diabetes Risk: Laboratory Studies 

Studies in healthy volunteers who underwent 
experimental sleep restriction have unequivo¬ 
cally demonstrated that insufficient sleep may 
cause alterations in glucose metabolism and have 
suggested mechanisms by which sleep loss might 
increase the risk of diabetes. 


Total Sleep Deprivation 

Kuhn et al. published in 1969 the very first labo¬ 
ratory study of the effect of prolonged TSD (for 
72-126 h) on oral glucose tolerance and showed 
that TSD leads to a marked increase in glucose 
levels [116]. These findings were ignored for a 
long time, most probably because such extended 
periods of TSD are uncommon in real life. In 
1981, another study involving 120 h of TSD 
demonstrated alterations of glucose metabolism 
at the level of the muscle consistent with a pre¬ 
diabetic state and increased fasting glucose levels 
at the end of the sleep deprivation period [117]. 
In 1993, a study involving 60 h of TSD observed 
increases in fasting insulin levels, as well as in 
the insulin response to OGTT, without change in 
glucose levels, suggesting decreased insulin sen¬ 
sitivity [118]. These important studies may not 
have had the scientific impact they deserved 
because TSD is a condition invariably followed 
by sleep recovery and a correction of metabolic 


abnormalities. Chronic PSD is much more com¬ 
mon and may involve irreversible alterations. 

Partial Sleep Deprivation 

The first laboratory study of PSD in healthy lean 
adults [18] found that restricting sleep to 4 h per 
night for 6 nights resulted in a 40% decrease in 
glucose tolerance, impaired beta-cell function, 
reduced noninsulin-dependent glucose utiliza¬ 
tion, and a trend for decreased insulin sensitivity 
(SI) as assessed by minimal model analysis of a 
frequently sampled intravenous glucose toler¬ 
ance test (ivGTT). The ivGTT is a validated tool 
that provides assessments of SI, pancreatic beta¬ 
cell responsiveness (referred to as “acute insulin 
response to glucose”, AIRg), and glucose effec¬ 
tiveness (SG), a measure of noninsulin-dependent 
glucose disposal [119]. The SG was 30% lower 
in the state of sleep debt. AIRg was reduced by 
more than 30% after sleep restriction despite a 
trend for decreased SI. The disposition index 
(DI), i.e., the product of SI and AIRg, is a vali¬ 
dated marker of diabetes risk [120]. In the state of 
sleep debt, the DI was decreased by an average of 
about 40% as compared to the fully rested state. 
The glucose tolerance values observed after 5 
nights of 4-h bedtimes in the young lean partici¬ 
pants were similar to those reported in older 
adults with impaired glucose tolerance [121], 
The metabolic findings in the sleep debt condi¬ 
tion were paralleled by an increase in the activity 
of the sympathetic nervous system. At the end of 
the recovery phase, glucose tolerance normalized 
to levels expected for healthy young adults [122], 
A criticism of this initial “sleep debt study” is 
that sleep restriction (6 nights of 4-h bedtimes) 
was more severe than commonly occurring in 
real life. Also, the study did not follow a random¬ 
ized crossover design and therefore the possibil¬ 
ity of an order effect (sleep restriction preceded 
sleep extension) could not be excluded. These 
issues were addressed in a follow-up study of 2 
nights with 10 h in bed vs. 2 nights with 4 h in a 
randomized crossover design [85]. After the 
second night of each bedtime condition, caloric 
intake was replaced by an intravenous glucose 
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infusion at a constant rate to avoid fluctuations of 
hunger and appetite related to meal ingestion. 
Even though sleep duration was restricted for 
only two nights, glucose tolerance was decreased 
as observed in the initial study, partly as a result 
of inadequate insulin secretion [123], In a recent 
study in non-obese healthy men, sleep restriction 
to 5 h per night for 1 week resulted in a significant 
reduction in SI as assessed by hyperinsulinemic 
euglycemic clamp, considered the gold standard 
method for SI determination [124], The volun¬ 
teers also underwent an ivGTT on a separate day 
and again, SI was decreased following sleep 
restriction, without adequate compensation by 
insulin release and therefore diabetes risk, as 
assessed by the DI, was elevated. In a 2008 study 
involving women only and performed under 
ambulatory conditions without objective sleep 
assessment and without control of caloric intake, 
progressive sleep curtailment over 4 nights (for 
an average bedtime restriction of 2.5 h per night, 
relative to 8-h bedtimes) had no impact on oral 
glucose tolerance [87]. More recently, 
Nedeltcheva et al. [125] examined the effects of 
moderate but prolonged sleep curtailment (5.5 h 
per night for 14 nights) in sedentary middle-aged 
men and women, and observed a decrease in glu¬ 
cose tolerance due to decreased SI in the absence 
of adequate beta-cell compensation. In addition, 
SG was increased. Such recurrent bedtime restric¬ 
tion is closer to the sleep curtailment experienced 
by many people in everyday fife, and in people at 
risk it may facilitate the development of insulin 
resistance, reduced glucose tolerance, and ulti¬ 
mately diabetes. Indeed, epidemiologic studies 
suggest that people who sleep less than 6 h per 
night are at higher risk of T2DM. Consistent 
findings were reported by Van Leeuwen et al. 
who simulated in healthy young men the cumula¬ 
tive sleep debt as it can occur during a regular 
five working days schedule [94] with bed times 
restricted to 4 h per night. After the fifth day of 
sleep restriction, morning fasting glucose levels 
were unchanged, but fasting insulin concentra¬ 
tions were increased, suggesting reduced insulin 
sensitivity. After two nights of recovery sleep, 
fasting glucose was lower than at baseline, while 
insulin returned to baseline levels. The authors 


suggested that the effects of one workweek of 
sleep restriction could be reversed by recovery 
sleep on weekends. Donga et al. evaluated SI in 
middle-aged men and women after one single 
night of partial sleep restriction with the hyperin¬ 
sulinemic euglycemic clamp and observed a 
reduction in glucose infusion and disposal rates, 
indicating a deterioration of glucose tolerance 
and peripheral insulin sensitivity [126], They also 
assessed endogenous hepatic glucose production 
rate, by continuous infusion of [6,6- 2 H 2 ]-glucose, 
and found an increase by approximately 22% 
after sleep restriction. Free fatty acid levels were 
also increased. These findings point to increased 
insulin resistance at the level of the liver and adi¬ 
pose tissue, respectively. 


Putative Mechanisms and Implication 

Multiple pathways are likely to mediate the 
adverse effects of sleep loss on the risk of obesity 
and diabetes, and much work is needed to eluci¬ 
date their respective roles and interactions. 
Figure 10.2 presents a simplified schematic rep¬ 
resentation. Among the effects of insufficient 
sleep that have been documented are alterations 
of the central neurohormonal control of energy 
homeostasis and glucose metabolism, a decrease 
in brain glucose utilization, an increase in sympa¬ 
thetic activity and a decrease in vagal tone, 
increases in the levels of circulating hormones 
counter-regulatory to insulin action (cortisol, 
growth hormone, and catecholamines), a putative 
decrease in EE, an increase in inflammation, and 
finally more time to eat. 

An upregulation of the activity of orexin neu¬ 
rons, concentrated in the lateral hypothalamus, 
may be one of the primary mechanisms linking 
sleep deprivation and some of its adverse meta¬ 
bolic effects. Indeed, the orexin system plays a 
key role in the interaction between sleeping and 
feeding. Orexin producing neurons have an 
extensive and divergent projection system inner¬ 
vating numerous structures in the CNS including 
all the components of the ascending arousal 
system and the entire cortex [127]. This system is 
involved in the regulation of many functions such 
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Fig. 10.2 Schematic representation of the multiple pathways likely to mediate the adverse effects of sleep loss on the 
risk of obesity and diabetes 


as sleep-wakefulness, locomotor activity, feed¬ 
ing, thermoregulation, sympatho-vagal balance, 
and neuroendocrine and cardiovascular control 
[128]. Orexigenic neurons are firing during 
the wake period and are inactive during deep 
non-REM sleep due to a direct inhibition 
by GABA-ergic hypothalamic neurons [129], 
Orexin-containing neurons play a central role in 
the maintenance of arousal. Deficiencies in the 
orexin system are associated with sleep disorders 
that involve chronic excessive daytime sleepi¬ 
ness, including narcolepsy and OSA [130, 131], 
In contrast, when sleep deprivation is enforced 
behaviorally, the orexin system is overactive, 
most likely to maintain wakefulness against the 
increased sleep pressure [132-134], There is evi¬ 
dence that orexins may stimulate food intake, 
particularly the early part of the usual sleep 
period, which is when voluntary sleep depriva¬ 
tion most often occurs in humans [130, 135], 
Orexigenic neurons regulate the homeostatic 
feeding center in the hypothalamic arcuate 
nucleus (ARC), and concurrently affect hedonic 
feeding mediated by the “reward centers” (ven- 
tro-tegmental area and nucleus accumbens) [136, 
137], During starvation, the orexin neurons may 


be disinhibited by low levels of the anorexigenic 
hormone leptin and low glucose levels [129], and 
are excited by the hunger-promoting hormone 
ghrelin [138], The peripheral metabolic cues, 
including insulin, leptin, and ghrelin, directly 
interact with ARC in the hypothalamus and ulti¬ 
mately indirectly modulate the activity of the 
orexigenic neurons to regulate food intake [135]. 
Additionally, the peripheral hormonal signals 
may influence the activity of orexigenic neurons 
via vagal afferents to the nucleus of the solitary 
tract (NST) [139], 

As reviewed in this chapter, multiple studies 
of experimental sleep restriction have shown 
alterations in the metabolic hormones that are 
involved in the regulation of energy balance, 
including elevated evening cortisol levels, 
extended duration of daytime elevated growth 
hormone (GH) levels, and reductions in thyroid- 
stimulating hormone (TSH), lower leptin levels, 
and higher ghrelin levels [18, 84], Insufficient 
sleep also results in elevations of markers of 
sympathetic nervous activity and in decreases in 
vagal tone. At the level of the pancreatic beta 
cell, this altered sympatho-vagal balance is 
likely to impair the expected compensatory 
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hyperinsulinemia needed to compensate the 
reduced insulin sensitivity associated with sleep 
loss. Furthermore, elevated cortisol levels have 
been shown to promote increased food intake 
and the accumulation of visceral fat in humans 
[140, 141], Similarly, since TSH normally func¬ 
tions to stimulate basal metabolic rate, the reduc¬ 
tions in TSFI resulting from sleep restriction [84] 
may lead to a reduction in EE. 

Another important mechanism that may pro¬ 
mote hyperglycemia, considering that brain is the 
major user of glucose, is reduced brain glucose 
utilization after sleep deprivation, as shown by 
PET studies [142], Finally, sleep loss and sleep 
disturbances have been associated with increased 
concentrations of C-reactive protein (CRP) [143], 
Both partial and total sleep loss, in young, healthy 
individuals results in elevation of the levels of the 
inflammatory cytokine 11-6, which will in turn 
increase CPR production [144, 145], TSD also 
increases the plasma levels of TNF-alpha soluble 
receptor 1 [146], Low-grade inflammation predis¬ 
pose to both insulin and leptin resistance [147], 
Thus, sleep disturbances appear to promote sys¬ 
temic inflammation that could, over time, further 
contribute to metabolic disturbances and increase 
the risk of obesity and diabetes. CRP has been 
recently proposed as a leptin-binding protein, and 
thus the increase in CRP resulting from sleep 
restriction may further limit the amount of free 
leptin that is able to penetrate the blood-brain 
barrier and inhibit central orexigenic activity. 


Conclusion 

In sum, the evidence reviewed in this chapter 
support the hypothesis that reduced sleep dura¬ 
tion may be part of the behavioral modifications 
that played a role in the development of the cur¬ 
rent epidemics of obesity and diabetes. An impor¬ 
tant consideration when trying to explain the 
epidemiologic link between sleep loss and meta¬ 
bolic risk is that it is not clear whether the physi¬ 
ological effects of sleep restriction observed 
under laboratory conditions over a period of a 
few days can be translated to chronic sleep 
restriction as it occurs in free-living individuals. 


Also, when comparing different laboratory stud¬ 
ies of sleep restriction, differences in the “dose” 
of sleep loss relative to the physiological need of 
the individual are often ignored. While the body 
of evidence suggestive of an interaction between 
sleep loss and the epidemics of obesity and dia¬ 
betes continues to build at a rapid pace, much 
remains to discover as far as mechanisms and the 
transition from short-term laboratory conditions 
to chronic PSD in real life. Intervention studies 
extending sleep in habitual short sleepers and 
examining the impact on metabolic outcomes are 
needed to further address the direction of causal¬ 
ity of the association between insufficient sleep, 
obesity, and diabetes and the potential clinical 
implications. 
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Abstract 

There has been a significant increase in people diagnosed with diabetes. 
It is estimated that by 2025, 300 million people worldwide will be diag¬ 
nosed as diabetic. In the U.S. alone, 19.9 million people are expected to be 
diagnosed with diabetes by the year 2025, and 29 million cases by the 
year 2050. There are two types of diabetes, type 1 and type 2. Both types 
of diabetes are diagnosed when blood glucose levels are above normal. 
Both types of diabetes have serious medical sequelae including neuro¬ 
logic problems with neuropathies, retinopathies, kidney failure, gastropa- 
resis, impaired wound healing, bladder control problems, erectile 
dysfunction, and cardiovascular complications. Given this broad spectrum 
of complications, research regarding modifiable risk factors is of para¬ 
mount importance. Recent research has led to the important discovery of 
an association between sleep loss and type 2 diabetes. There are many 
categories of sleep disorders, though the types of sleep disorders that have 
been associated with type 2 diabetes include: short sleep duration, obstruc¬ 
tive sleep apnea, insomnia, and restless legs syndrome. While requiring 
further exploration, this association is of great clinical significance as it 
may have numerous implications in both the treatment and diagnosis of 
both disorders. This review outlines the most cutting-edge research involv¬ 
ing the relationship between the above sleep disorders and the risk of dia¬ 
betes. What is clear from the research is that sleep of sufficient quantity 
and quality is essential for health and well-being, especially in those with 
diabetes. Sleep disorders are associated with type 2 diabetes, impairments 
in glucose metabolism, elevations of glucose and insulin, and insulin 
resistance, and may serve as a modifiable risk factor. Efforts made to 
improve sleep may prevent the development of these medical sequelae, 
though more research is needed. 
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Introduction 

Diabetes is a prevalent medical condition with 
serious consequences. There are two types of dia¬ 
betes: type 1 and type 2. Both types of diabetes 
are diagnosed when blood glucose levels are 
above normal. Type 1 diabetes occurs when there 
is an immune-mediated destruction of insulin- 
producing cells that leads to a near-total loss of 
endogenous insulin production. In this condition, 
exogenous insulin is necessary to achieve glyce- 
mic control to prevent diabetic ketoacidosis and 
to sustain life. This type of diabetes most com¬ 
monly occurs in childhood or adolescence, but 
can occur at any age. Type 2 diabetes, formerly 
called adult-onset diabetes, is the most common 
form of diabetes and also can develop at any age. 
Type 2 diabetes typically begins with insulin 
resistance, a condition in which muscle, liver, 
and fat cells do not use insulin properly. As a 
result, the body needs more insulin to help glu¬ 
cose enter cells to be used for energy. At first, the 
pancreas keeps up with the added demand by 
producing more insulin. In time, however, the 
pancreas loses its ability to secrete enough insu¬ 
lin in response to meals. Both types of diabetes 
have serious medical sequelae including neuro¬ 
logic problems with neuropathies, retinopathies, 
kidney failure, gastroparesis, impaired wound 
healing, bladder control problems, erectile dys¬ 
function, and cardiovascular complications. 
Given this broad spectrum of complications, 
research regarding modifiable risk factors is of 
paramount importance. Recent research has led 
to the important discovery of an association 
between sleep loss and type 2 diabetes [1], While 
requiring further exploration, this association 
may have numerous implications in both the 
treatment and diagnosis of both disorders. 


Prevalence of Diabetes 

There has been a significant increase in people 
diagnosed with diabetes. It is estimated that by 
2025,300 million people worldwide will be diag¬ 
nosed as diabetic. In the U.S. alone, 19.9 million 


people are expected to be diagnosed with 
diabetes by the year 2025, and 29 million cases 
by the year 2050 [2], 


Disorders of Sleep Associated 
with Type 2 Diabetes 

There are many categories of sleep disorders, 
though the types of sleep disorders that have been 
associated with type 2 diabetes include: short 
sleep duration, obstructive sleep apnea, insom¬ 
nia, and restless legs syndrome. Each of these 
types will be described in detail below. 


Short Sleep Duration 
and Type 2 Diabetes 

Adequate duration of sleep is important to the 
normal function of numerous biologic processes. 
Furthermore, sleep of deficient quantity has been 
associated with illnesses such as coronary heart 
disease [3], high blood pressure [4], obesity [5], 
and other chronic conditions. Additionally, short 
sleep duration has been linked with the potential 
increased risk of type 2 diabetes mellitus. Though 
short sleep has been defined in the literature in 
several different ways, it is usually defined as a 
sleep duration of less than 6 h per day. This 
designation is inclusive of naps, resting, and 
sleeping [6-10], 

The association between short sleep as a risk 
factor for the development of type 2 diabetes has 
been investigated in a number of research studies. 
Mallon et al. investigated the relationship among 
sleep complaints, sleep duration, and the develop¬ 
ment of diabetes prospectively over a 12-year 
period in a middle-aged Swedish population. The 
study was composed of a random sample of 2,663 
subjects living in mid-Sweden who were between 
the ages of 45 and 65 years. All subjects were sent 
a questionnaire by mail that included questions 
about sleep complaints, duration, sociodemo¬ 
graphic characteristics, behavioral risk factors, 
medical conditions, and depression. Twelve years 
later, the same group was sent a near identical 
questionnaire in follow-up. This questionnaire was 
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completed by 77.6% of those who completed the 
first survey. In this study that defined short sleep as 
a duration of <5 h, the relative risk for the develop¬ 
ment of diabetes was higher in men with short 
sleep duration or difficulty maintaining sleep after 
adjustment for age, hypertension, snoring, body 
mass index (BMI), depression, and other relevant 
risk factors. Interestingly, in this study, short or 
long sleep duration or sleep complaints did not 
influence the risk of new diabetes in women. They 
hypothesize that the increased risk of diabetes 
associated with short sleep may be secondary to 
sympathetic overactivity and activation of the 
hypothalamic-pituitary-adrenal axis [11], 

Ay as et al. performed a study which aimed to 
test whether habitually short sleep duration 
increases the risk of developing diabetes. In this 
study, a cohort of 70,026 women, who were 
enrolled in the Nurse’s Health Study, were inves¬ 
tigated. All participants were without the diagno¬ 
sis of diabetes at baseline. All participants 
completed a question detailing their total amount 
of actual daily sleep in a 24-h period and were 
followed for 10 years for the development of dia¬ 
betes. Over the 10-year period, 1,969 incident 
cases of diabetes were diagnosed. After adjusting 
for age, both long and short sleep duration were 
associated with a significantly increased risk of 
incident diabetes diagnosis. The relative risk was 
higher for short sleepers than long sleepers. When 
adjustment was made for BMI, the multivariate 
relative risk of diabetes was reduced and no lon¬ 
ger significant for short sleepers, but remained 
significant for long sleepers. The authors postu¬ 
late that the increased risk for diabetes in short 
sleepers may be secondary to weight gain and 
elevated BMI predisposing to pre-diabetes, rather 
than the short duration of sleep functioning as an 
independent risk factor for the development of 
diabetes. They also speculate that the sleep 
restriction may lead to the development of diabe¬ 
tes through its effect on weight via a reduction of 
the hormone leptin [3], 

Research has shown that sleep restriction 
results in a reduction of the hormone leptin which 
can result in increased appetite and weight gain. 
Leptin is an anorexigenic hormone produced 
primarily by adipose tissue which functions to 


decrease appetite [12]. Through this function, it 
provides regulation of food intake and therefore 
body weight [13]. Therefore, one mechanism as 
mentioned above through which short sleep and 
sleep restriction may indirectly lead to diabetes is 
through a reduction of leptin which in turn leads 
to a cascade of increases in appetite, food intake, 
weight gain, and BMI which can predispose to 
diabetes and metabolic syndrome. This associa¬ 
tion between short sleep and alteration of adi- 
pokine levels which can predispose to abnormal 
metabolic regulation was investigated by 
Mullington et al. Although this study was only 
composed of 10 healthy men, it was found that 
the diurnal amplitude of leptin was reduced dur¬ 
ing total sleep deprivation and returned toward 
normal during the period of recovery sleep. They 
conclude that this finding is evidence that sleep 
influences the nocturnal leptin profile, and may 
have implications for the understanding of the 
role of sleep in metabolic regulation [14], In two 
separate studies by Spiegel et al., the hypothesis 
that sleep curtailment can cause alteration in lep¬ 
tin levels and appetite was tested. In the first 
study, 11 subjects were studied following 6 days 
of short sleep (defined as 4 h) and after 6 days of 
12 h sleep. In addition to other parameters, this 
study found that mean, maximum and rhythm 
amplitude of leptin were decreased (-19%, 
-26%, and -20%, respectively) during sleep 
restriction compared with sleep extension [15]. 
In the second study, 12 healthy men with a mean 
age of 22 and a mean BMI of 23.6 underwent 
2 days of sleep restriction and 2 days of sleep 
extension under controlled conditions of caloric 
intake and physical activity. The objective was to 
determine whether sleep curtailment alters appe¬ 
tite regulation. The results of the study demon¬ 
strated that sleep restriction was associated with 
average reductions in leptin, elevations in ghrelin 
(a hormone that functions to increase appetite), 
and increased hunger and appetite, specifically 
for calorie-dense foods with high carbohydrate 
content [16], These studies serve to underscore 
the relationship between short sleep and the met¬ 
abolic alterations that can predispose to weight 
gain and increased risk for the development of 
diabetes. 
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Obstructive Sleep Apnea 
and Type 2 Diabetes 

Obstructive sleep apnea is a chronic condition 
that affects people of any age, but primarily mid¬ 
dle-aged obese men. It is a common disorder that 
affects 2-4% of the U.S. population. The preva¬ 
lence appears to increase as age increases. This 
sleep disorder is characterized by apneic and 
hypopneic episodes (see Chap. 13 for details on 
clinical diagnosis of OSA). An apneic episode is 
defined by airflow cessation for greater than 10 s. 
Hypopneic episodes demonstrate a nasal pressure 
that is reduced by at least 30% of baseline for a 
duration of at least 10 s. This is accompanied by 
an oxygen desaturation of at least 4%. The 
Apnea-Hypopnea Index (AHI) is used as an indi¬ 
cator for severity of fragmented sleep and chronic 
sleep deprivation, which lead to daytime sleepi¬ 
ness. Of great clinical significance, OSA has been 
shown to confer an increased risk of serious med¬ 
ical illness including cerebrovascular accidents 
and cardiovascular disease. Some of the proposed 
mechanisms are an intermittent hypoxia as a 
result of the repetitive upper airway obstruction 
during sleep in OSA that results in sympathetic 
nervous system hyperactivity and alterations in 
function of the autonomic nervous system [17]. 
In addition to the increased risk of stroke and car¬ 
diovascular disease, it has also been associated 
with diabetes and insulin resistance, and meta¬ 
bolic syndrome as outlined below. 

Much research has been undertaken to investi¬ 
gate the relationship between obstructive sleep 
apnea and its relationship to glucose homeostasis 
(see also Chap. 9). One such study by Schober 
et al. investigated 498 patients with DM type 2 
and 58 patients with DM type 1 and found that 
37.4% had an AHI>15/h suggestive of OSA 
[18]. Aronsohn et al. designed a study that aimed 
to determine whether or not the severity of OSA 
serves as a predictor of glycemic control in dia¬ 
betic patients. Hemoglobin Ale was utilized as 
the main clinical indicator of glycemic control. 
Sixty diabetic patients recruited from outpatient 
clinics underwent an initial interview and com¬ 
pleted the University of Chicago Diabetes/Quality 
of Life Survey, the Berlin Questionnaire, and the 


Center for Epidemiologic Studies Depression 
Scale. Height, weight, and waist circumference 
were also measured in subjects. Ambulatory wrist 
actigraphy was performed for 5 consecutive days 
in subjects to determine individual habitual sleep 
habits. The presence and severity of OSA was 
determined by an overnight laboratory polysom- 
nogram. Hemoglobin Ale levels were either 
obtained from the patient’s chart if performed 
within the previous 3 months, or else drawn and 
analyzed following the polysomnogram. The 
results of this study revealed that OSA is highly 
prevalent in type 2 diabetics. Seventy-seven per¬ 
cent of their subjects were definitively diagnosed 
with OSA. This study was also the first to demon¬ 
strate a clear, graded, inverse relationship between 
the severity of obstructive sleep apnea and glyce¬ 
mic control in type 2 diabetics. The demonstra¬ 
tion of this relationship through this important 
study elucidates the clinical significance of effec¬ 
tively evaluating and treating OSA as it may 
improve glycemic control [19]. 

In an observational cross-sectional study of 52 
consecutive subjects that had risk factors for 
sleep apnea and who were attending a diabetes 
and obesity clinic, Pillai et al., aimed to investi¬ 
gate the association between the severity of OSA 
and HbAlc (glycosylated hemoglobin) in patients 
with DM type 2. This study demonstrated a prev¬ 
alence of OSA of 58% in the cohort. An increased 
severity of OSA was associated with increased 
HbAlc levels after adjusting for age, gender, 
body mass index, duration of diabetes, and dose 
of insulin. They conclude that increased severity 
of OSA is independently associated with worsen¬ 
ing glycemic control. As discussed below, the 
investigators postulate that improvements in gly¬ 
cemic control may occur with the accurate 
identification and treatment of obstructive sleep 
apnea [20], 

Given the association between diabetes and 
OSA, one might postulate whether treatment of 
the OSA would attenuate the negative effects 
of diabetes and improve glycemic control. 
Numerous studies have aimed to investigate this 
clinical question. Continuous positive airway 
pressure or CPAP is a common and effective 
treatment of obstructive sleep apnea. CPAP uses 
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mild air pressure to keep the respiratory airways 
open and to prevent the hypoxemic episodes that 
can occur as a part of obstructive sleep apnea. 
One such study that has been undertaken to inves¬ 
tigate this was performed by Gracia et al. in a 
pre- and post-treatment, within-subject study 
design. In this study, 20 obese subjects with diag¬ 
nosed OSA were evaluated before and following 
6 months of CPAP. Insulin, glucose, and insulin 
resistance levels were all assessed as primary 
outcome measures. Additional parameters evalu¬ 
ated included weight change, and levels of 
Ghrelin, leptin, adiponectin, and resistin levels. 
This study demonstrated that following 6 months 
of CPAP, numerous metabolic parameters were 
affected. Hypoxia was reversed in all subjects. 
Fasting insulin levels had a significant increase 
after CPAP treatment. Of interest, the subjects as 
a group gained weight following CPAP. Of the 
parameters studied, the following remained 
unchanged after 6 months of CPAP: systolic and 
diastolic blood pressure, heart rate, fasting and 
post-prandial glucose levels, circulating leptin, 
adiponectin, and resistin levels. Fasting active 
ghrelin levels decreased significantly after CPAP 
use. This study concludes that the alterations of 
insulin resistance in obese patients with OSA are 
modulated by changes in weight rather than the 
elimination of hypoxia [21]. A systematic review 
and meta-analysis of the effects of CPAP- 
respiration on markers of glucose metabolism in 
patients with obstructive sleep apnea syndrome 
was undertaken by Hecht et al. Following a 
review of studies that included randomized and 
nonrandomized trials that compared CPAP with 
inactive control or placebo CPAP in adults with 
OS AS (Obstructive Sleep Apnoea Syndrome), 
they found that the studies did not support the 
hypothesis that OSAS independently influences 
glucose metabolism. Given the limited amount of 
data in this area, more controlled trials are needed 
to investigate this association more fully [22]. 


Insomnia and Type 2 Diabetes 

Insomnia is a frequent cause of sleep disruption 
in diabetics. Though not clearly defined, insomnia 


refers to an individual’s perception of their 
difficulty with sleep, such as by querying if they 
have difficulty falling or staying asleep or more 
generally, if they have difficulty sleeping. 
Polysomnographic evidence of insomnia is often 
characterized by the presence of frequent noctur¬ 
nal awakenings, prolonged periods of wakeful¬ 
ness during the sleep period, a long sleep latency 
and frequent arousals of a transient nature [23], 
An increasing body of literature has demonstrated 
an association between insomnia and type 2 dia¬ 
betes. This association is of great clinical impor¬ 
tance as treatment of one may provide a reciprocal 
improvement of the other. As discussed above, 
sleep duration and quality are associated with 
fasting glucose, fasting insulin, and estimated 
insulin resistance. In a community-based sample 
of early middle-aged adults, poor sleep quality 
with sleep fragmentation resulted in a 9% higher 
fasting glucose level, 30% higher fasting insulin 
level and a 43% higher HOMA level (measure 
of estimating insulin resistance) in those with 
type 2 diabetes. Insomnia was associated with a 
23% higher fasting glucose level, a 48% higher 
fasting insulin level, and an 82% higher HOMA 
level [24], 

In a population-based study designed to exam¬ 
ine the joint effects of insomnia and objective 
short sleep duration on diabetes risk, Vgontzas 
et al., studied 1,741 randomly selected men and 
women in the sleep laboratory. The parameters 
studied were defined as follows: Insomnia was 
defined as >1 year of complaints of insomnia. 
Poor sleep was defined as a complaint of difficulty 
falling asleep, staying asleep, or early final awak¬ 
ening. This study demonstrated that chronic 
insomnia was associated with a higher risk for 
diabetes. Also when the subjects within the insom¬ 
nia and <5 h sleep duration group were compared 
with the normal sleeping group and the >6 h sleep 
duration group, it was found that the individuals 
with insomnia and <5 h sleep duration group had 
the highest risk of diabetes. This same level of 
risk of diabetes was also identified in individuals 
with insomnia who slept 5-6 h per night. This 
highly powered study demonstrates the associa¬ 
tion between insomnia with short sleep duration 
and the increased risk of diabetes [25]. 
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The association between insomnia and 
diabetes was also investigated by Budhiraja et al. 
A community-based sample of 3,282 men and 
women between the ages of 18 and 65 were stud¬ 
ied in this prospective cross-sectional study. 
Polysomnographic sleep variables and self- 
reported measures of sleep habits and current 
health were measured in all subjects. This 
study revealed that the prevalence of insomnia 
in subjects with diabetes (OR =1.4 [10.5-20] 
p=0.04) is greater than in those without medical 
disorders [26]. 

As an ancillary study to the Coronary Artery 
Risk Development in Young Adults (CARDIA) 
Study, Knutson et al. examined the association 
between sleep duration and quality with fasting 
glucose, fasting insulin, or estimated insulin 
resistance in a community-based sample of early 
middle-aged adults. Six days of wrist actigraphy 
was used to assess habitual sleep duration and 
fragmentation. They defined insomnia as self- 
reported difficulty falling asleep or waking up in 
the middle of the night three or more times per 
week in addition to an average sleep efficiency of 
<80% based on the data from the wrist actigra¬ 
phy. Insulin and glucose levels were assessed via 
fasting blood samples and the homeostatic model 
assessment method (HOMA) was used to esti¬ 
mate insulin resistance. The results of this study 
revealed that in diabetics, sleep fragmentation 
and insomnia are both associated with higher 
fasting glucose, insulin, and estimated insulin 
resistance [24], 

Given the clinical importance and what 
appears to be a bi-directional association 
between insomnia and diabetes, further studies 
are warranted to further examine this important 
association. 


Restless Legs Syndrome 
and Type 2 Diabetes 

Restless legs syndrome (RLS) is another sleep 
disorder that has shown association with diabe¬ 
tes. By definition, RLS is characterized by an 
urge to move the legs and is usually accompanied 
by sensations that are unpleasant in the lower 


extremities. It typically begins or worsens during 
times of rest and is found to be worse in the eve¬ 
ning and nighttime. Movement of the legs may 
partially or completely relieve the sensation 
[27, 28]. The accurate identification and manage¬ 
ment of the presence of RLS in patients with dia¬ 
betes and vice versa is of clinical significance as 
it allows for optimization of the course and prog¬ 
nosis of the disorders [29], 

In a study by Cuellar and Ratcliff that investi¬ 
gated 121 patients with type 2 diabetes, they 
found that 45% of the patients met criteria for 
RLS. From this study, they impress the impor¬ 
tance of recognizing RLS as a sleep disorder that 
has the potential to affect the management of type 
2 diabetes [30], 

In a case-controlled study by Merlino et al., 
three objectives were identified: to assess the 
association between RLS and type 2 diabetes, to 
analyze the characteristics of RLS in diabetics 
and to identify risk factors that may be associated 
with the development of RLS in patients with 
type 2 diabetes. The study was composed of 124 
consecutive patients with diabetes and 87 con¬ 
secutive controls with a previous diagnosis of 
other endocrine disease. The results of this study 
revealed that 17.7% of the diabetics met diagnos¬ 
tic criteria for RLS and only 5.5% in the control 
group. They found that RLS was independently 
associated with type 2 diabetes (p<0.04). It was 
also demonstrated that polyneuropathy was 
present in 27% of the diabetics with RLS, 
although this was found to only partially explain 
the increased prevalence of RLS in the type 2 
diabetics [31], 

Given the known association between RLS 
and type 2 diabetes, Lopes et al. designed a study 
to assess the clinical significance and quality of 
sleep in type 2 diabetics. One hundred consecu¬ 
tive patients at a diabetes clinic were assessed for 
presence of RLS and quality of sleep. RLS was 
diagnosed using the criteria defined by the 
International Restless Legs Syndrome Study 
Group. Quality of sleep was assessed utilizing 
the Pittsburgh Sleep Quality Index and the 
Epworth Sleepiness Scale measured excessive 
daytime sleepiness. This study demonstrated a 
prevalence of RLS in the type 2 diabetics. 
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Forty-five percent of the patients were identified 
as having poor sleep quality. Excessive daytime 
sleepiness was present in 26% of the diabetics. 
This study elucidates the importance of recogniz¬ 
ing sleep disturbance in diabetics and that RLS is 
a major cause of sleep disruption in patients with 
type 2 diabetes [32], 


Laboratory Studies of Reduced 
Sleep Quality 

Numerous factors can impair sleep quality, includ¬ 
ing altered sleep schedules due to shift work or 
lifestyle changes, and various social, behavioral, 
and psychological problems. Additionally, medi¬ 
cations, illnesses, and pain can all serve to reduce 
the quality of sleep. Recent research has been 
undertaken to understand the physiologic effects 
of impaired sleep quality, especially the impact 
on endocrinologic functions such as glycemic 
control (for additional information, see Chap. 10). 
One such study conducted by Cappuccio et al. 
was a systematic review and meta-analysis that 
was designed to assess the relationship between 
habitual sleep disturbances and the incidence of 
type 2 diabetes and to also obtain an estimate of 
risk. Ten studies encompassing 107,756 subjects 
were included in this review of the Medline, 
EMBASE, Cochrane Library, and manual 
searches using the terms “sleep” and “diabetes” 
and “prospective” or “cohort” or “longitudinal.” 
This review used the following definitions to 
define sleep disturbances that were assessed by 
self-reported habitual sleep duration with the use 
of questionnaires. Short sleep was defined by 
either <5, <6, or <7 h of sleep per night. Sleep of 
a duration greater than 8 or 9 h per night defined 
long sleep. The questionnaires also evaluated 
difficulty in initiating or maintaining sleep. The 
results of this review revealed a clear and consis¬ 
tent pattern of increased risk of the development 
of type 2 diabetes with both short and long pat¬ 
terns of sleep impairment and with difficulty in 
initiating and maintaining sleep. They conclude 
from the demonstrated association that disrupted 
quality and quantity of sleep should be regarded 
as a behavioral risk factor for the development of 


type 2 diabetes. Furthermore, modifications that 
would provide for sufficient sleep may decrease 
the risk of diabetes [7]. 

Tasali et al., performed a study aimed to test 
the hypothesis that slow wave sleep (often 
referred to as “restorative sleep”) plays a role in 
the regulation of glucose homeostasis. They 
hypothesize that suppression of the slow wave 
sleep may adversely affect glucose homeostasis 
and increase the risk of type 2 diabetes. To test 
this hypothesis, they studied nine healthy volun¬ 
teers (five men and four women) who had normal 
results on the Pittsburgh Sleep Quality Index, 
Berlin Questionnaire, Epworth Sleepiness Scale, 
Center for Epidemiologic Studies and Beck 
Depression scales, and functional outcome of 
sleep questionnaire. Normal glucose tolerance 
was identified at baseline via an oral glucose tol¬ 
erance test. The absence of sleep disorders was 
identified by an overnight screening sleep study 
at baseline. Each subject underwent testing with 
sleep recordings using a digital EEG acquisition 
system in two conditions separated by 4 weeks, 
after two consecutive nights of undisturbed base¬ 
line sleep and after three consecutive nights of 
experimental suppression of slow wave sleep. All 
subjects wore a wrist activity monitor to assess 
adherence to schedule and bedtimes and naps 
were not permitted. Slow wave sleep was sup¬ 
pressed by delivering acoustic tones of varying 
frequency and intensity to speakers that were 
placed on each side of the bed. Glucose metabo¬ 
lism was also assessed, as was plasma cortisol. 
The results of this study indicate marked decreases 
in insulin sensitivity without adequate compensa¬ 
tory increase in insulin release and therefore 
reduced glucose tolerance and increased risk of 
diabetes in young healthy adults with all-night 
selective suppression of slow wave sleep. These 
findings are of significant clinical importance as 
it may prove a modifiable risk factor for the 
development of diabetes. They also suggest that 
the reduced quality of sleep with low levels of 
slow wave sleep as is seen clinically in obese and 
aging populations may contribute to an increased 
risk of diabetes [33], 

Fragmented sleep has been shown to 
have numerous physical and psychological 
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consequences, though the endocrinologic effects 
of sleep fragmentation have been less investi¬ 
gated. The effects of sleep fragmentation on glu¬ 
cose metabolism in normal subjects were recently 
investigated by Stamatakis et al. In this study, 11 
healthy, normal volunteers underwent two nights 
of experimentally fragmented sleep through all 
stages using auditory and mechanical stimuli. 
Insulin sensitivity, glucose effectiveness, and 
insulin secretion were the primary outcome mea¬ 
sures to assess glucose metabolism. Secondary 
measures included serum levels of inflammatory 
markers, adipokines and cortisol, and measures 
of sympathovagal balance. The results of this 
study revealed that sleep fragmentation across all 
stages of sleep was associated with a decrease in 
insulin sensitivity and glucose effectiveness. 
Increases in sympathetic nervous system activity 
as well as morning cortisol release were also 
demonstrated and are postulated to mediate the 
adverse metabolic effects of the impaired sleep 
quality [34], As fragmented sleep is a common 
disorder of sleep for many individuals, these 
findings hold great clinical significance. Based 
on these results, attention and modification of 
sleep patterns to reduce fragmentation may prove 
to reduce the risk of diabetes and abnormal glu¬ 
cose metabolism. 


Conclusion 

Sleep of sufficient quantity and quality is essen¬ 
tial for health and well-being, including in those 
with diabetes. Sleep disorders are associated with 
type 2 diabetes and with impairments in glucose 
metabolism, elevations of glucose, and insulin 
and insulin resistance and may serve as a 
modifiable risk factor. Efforts made to improve 
sleep may reduce the incidence of these medical 
sequelae, though more research is needed. 
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Abstract 

In aggregate, studies conducted across multiple settings in diverse 
populations indicate that extremes of sleep duration are associated with 
numerous cardiovascular risk factors, including hypertension. However, 
even after considering these risk factors, the predominance of data 
indicates that extreme sleep duration is also associated with clinical car¬ 
diovascular disease and cardiovascular mortality. The overall “dose- 
response” for these associations is not clear. While some studies suggest 
monotonic associations, others suggest a J- or U-shaped distribution. Also, 
while the most extreme durations (e.g., less than 5 or more than 10 h of 
sleep per night) have been fairly consistently associated with adverse car¬ 
diovascular outcomes, the magnitude of effect of less extreme deviations 
from 7 to 8 h per night is less apparent. The sources of population hetero¬ 
geneity in susceptibility to the effects of sleep deprivation also are not well 
understood. While some data indicate stronger effects in women compared 
to men, it is plausible that such differences could relate to measurement or 
greater misclassification of exposures in men. A further understanding of 
the inter-relationship of sleep patterns with other important health behav¬ 
iors (activity patterns and diet) and more comprehensive assessments of 
sleep in terms of duration, quality, timing, and symptoms may help further 
clarify which aspects of sleep are most important in the pathogenesis of 
cardiovascular disease. 
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The associations between insufficient sleep and 
numerous adverse health outcomes, including 
associations with established cardiovascular 
risk factors such as diabetes and obesity, are 
reviewed in other chapters in this book. In addi¬ 
tion to effects associated with increased risk of 
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diabetes and obesity, insufficient sleep may 
increase the risk of hypertension and cardiovas¬ 
cular disease through effects on sympathetic 
nervous system activation; alterations of the 
hypothalamic-pituitary-adrenal axis influencing 
secretion of cortisol and the renin-angiotensin 
system; and augmented systemic levels of 
inflammation such as elevations in CRP levels 
[1, 2], These physiological perturbations may in 
turn contribute to renal dysfunction, endothelial 
dysfunction, and atherosclerosis. This chapter 
reviews the evidence linking insufficient sleep to 
hypertension and to direct measures of clinical 
cardiovascular disease and cardiovascular mor¬ 
tality. It also provides an overview of mechanisms 
underlying the biological plausibility for such 
associations. Challenges are discussed in under¬ 
standing how to best conceptualize the pertinent 
stresses associated with “insufficient sleep” - 
specifically, whether risk is associated with abso¬ 
lute sleep duration, disruptions in sleep continuity, 
or subjectively experienced poor sleep, or to 
combinations of each. The impact of potential 
confounders is reviewed. 


Acute Sleep Deprivation and Blood 
Pressure Elevation 

Acute sleep deprivation has been shown to result 
in modest to high elevations in blood pressure 
measured within 24 h of the sleep-restricted 
period. In one experimental study comparing the 
effects on blood pressure of a single night of total 
sleep deprivation to a night of 7 h of sleep in eight 
middle-aged men, systolic and diastolic blood 
pressure readings were recorded to increase on 
average by 4 and 3 mm Hg, respectively [3], Two 
Italian studies reported that sleep restriction to 
4 h per night resulted in average increases in sys¬ 
tolic and diastolic blood pressure of 7 and 
4 mm Hg, respectively [4, 5], Furthermore, these 
changes were accompanied by an increased 
secretion of urinary norepinephrine secretion, 
suggesting a mediating role for enhanced 
sympathetic activation. Additionally, in the latter 
study, 24-h blood pressure profiles displayed a 
nondipping pattern [5], suggesting that increased 


wakefulness attenuates the normal decrease in 
blood pressure during the night, potentially 
increasing the overall 24 h blood pressure 
“burden” and causing a nocturnal blood pattern 
profile that has been associated with increased 
cardiovascular disease. 

In a natural experiment of sleep deprivation 
occurring in Japanese workers intermittently 
exposed to long shifts, a single night in which 
sleep duration was curtailed to 3.6 h compared to 
nights when sleep was reported to be 8 h, was 
associated with an average increase in systolic 
and diastolic blood pressure of 6 and 3 mm Hg, 
respectively [6]. However, it is possible that some 
of this effect was due to the stresses of long work 
hours or misaligned sleep-work schedule. 

Few studies have examined the impact of 
experimentally restricted sleep over multiple 
nights. In one study of only four volunteers, 
10 days of sleep restriction to 4 h per night was 
reported to result in marked increases in blood 
pressure increases of 22 mm Hg for systolic blood 
pressure and 17 mm Hg for diastolic pressure [2], 
Control subjects also experienced some increase 
in blood pressure, suggesting that other factors 
may have also contributed to changes in blood 
pressure in this protocol. 

Although in aggregate these studies provide 
evidence for a causal role of sleep deprivation in 
influencing blood pressure, these studies do not 
estimate the public health burden of curtailed 
sleep which in natural settings is often milder in 
degree, and experienced as a chronic exposure, 
which could induce adaptive or nonadaptive 
responses, and variably associated with other 
stresses. 


Epidemiological Studies Examining 
the Association Between Insufficient 
Sleep and Hypertension 

The influence of chronic reductions in sleep 
duration has been addressed in several large epi¬ 
demiological studies conducted in the U.S., 
Europe, and Asia. As shown below, the overall 
consistency of findings from these studies pro¬ 
vides evidence for generalizability of results 
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across geographic areas and sociodemographic 
environments and cultures. 

In the Sleep Heart Health Study (SHHS), a 
large community-based study of predominantly 
older adults, the group with the lowest prevalence 
of hypertension was comprised of individuals 
who reported sleeping 7-8 h per night [7], 
Individuals with both shorter and longer sleep 
had an increased odds of hypertension. After 
adjusting for numerous potential confounders, 
the odds of hypertension increased by approxi¬ 
mately 70% and 20% for those reporting sleep 
durations of less than 6 h and between 6 and 7 h 
per night, respectively. Those reporting more 
than 9 h of sleep per night had an approximately 
30% increased odds of hypertension. A decreased 
odds of hypertension also was observed in asso¬ 
ciation with improved sleep efficiency measured 
by polysomnography. However, considering 
sleep efficiency in the statistical models did not 
alter the observed associations between sleep dura¬ 
tion and hypertension, suggesting that sleep 
duration and poor sleep quality may indepen¬ 
dently influence pathophysiological processes 
associated with blood pressure control. 

The Whitehall II Cohort study reported both 
cross-sectional and longitudinal data on a large 
U.K. longitudinal cohort of civil servants fol¬ 
lowed for up to 10 years [8]. Cross-sectional 
analyses adjusted for multiple potential con- 
founders showed that compared to women report¬ 
ing sleep durations of 7 h, women reporting a 
sleeping duration of less than 5 h per night had an 
approximately twofold increased likelihood of 
being hypertensive. In contrast, an insignificant 
association between sleep duration and hyperten¬ 
sion was observed in male cohort members. In 
longitudinal analyses of this cohort, an increased 
incidence of hypertension in women sleeping less 
than 5 h per night was observed in analyses 
adjusted for age and employment status, but this 
association was attenuated and not significant 
after adjusting for multiple additional factors, 
including BMI, health status, and depression. It is 
possible that some of these factors were not 
confounders but were mediators, representing 
intermediate mechanism on the causal pathway, 
and thus the effects reported may have been 


under-estimated. A basis for gender differences 
was not evident. 

Stranges and colleagues attempted to further 
address potential gender differences in the asso¬ 
ciation between sleep duration and hypertension 
in a cohort of over 3,000 men and women in 
Western New York [9], Similar to the Whitehall 
cohort, a significant cross-sectional association 
was observed: while the odds of hypertension 
was approximately 70% elevated in women 
reporting <6 h per night as compared to those 
reporting 6-8 h per night, a significant associa¬ 
tion between short sleep and hypertension was 
not observed in men. Furthermore, associations 
were almost twofold stronger in premenopausal 
compared to postmenopausal women, suggesting 
that potential vulnerability to the effects of sleep 
deprivation on blood pressure control may be 
mediated by sex hormones. 

In addition to gender, there may be population 
heterogeneity in the effects of sleep curtailment 
on blood pressure associated with age. Potential 
modification of the effects of sleep deprivation on 
blood pressure by age was demonstrated in the 
First National Health and Nutrition Examination 
Survey (NHANES-I) [10], In this analysis of 
nearly 5,000 adults followed for 8-10 years, a 
significant increased incidence of hypertension 
was observed in individuals 32-59 years of age 
reporting 5 or fewer hours of sleep per night com¬ 
pared to those reporting 7-8 h of sleep per night. 
Insignificant associations were observed among 
those more than 60 years of age, possibly due to 
survival biases or to differences in the effects or 
responses to sleep curtailment in older as com¬ 
pared to younger individuals. These data also 
underscore the importance in quantifying thresh¬ 
olds for optimal sleep duration across the age 
span. 

Most of the research in adults has been limited 
by the use of questionnaire-based measurements 
of sleep duration. One important exception is the 
Coronary Artery Risk Development in Young 
Adults (CARDIA) study, a bi-racial cohort of 
younger adults. Over a 5-year period, 14% 
of the cohort developed new hypertension. 
A CARDIA sleep substudy was conducted in 
578 cohort members that entailed collection of 
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wrist actigraphy on study participants over several 
days to objectively estimate sleep duration [11], 
Strikingly, with this assessment, 43% of subjects 
were estimated to obtain an average of less than 
6 h of sleep per night; i.e., -underscoring a poten¬ 
tially large segment of the population with mod¬ 
erate to severe levels of insufficient sleep. From 
age- and gender-adjusted statistical models, each 
decrease in average sleep duration by 1 h was 
estimated to increase the odds of hypertension 
incidence by 37%. These associations were 
somewhat attenuated after adjusting for physical 
activity, smoking, BMI, daytime sleepiness, and 
other factors, although significant associations 
with sleep duration persisted for longitudinal 
change of diastolic blood pressure. Low sleep 
maintenance also was associated with incident 
hypertension. In contrast to the Whitehall and 
New York State studies, no evidence for gender 
differences was demonstrated. Since these stud¬ 
ies differed in how sleep duration was ascertained 
(by questionnaire vs. by actigraphy), it is possible 
that the stronger associations reported for women 
in studies that assessed exposure by question¬ 
naire relate to less misclassification of sleep 
patterns using self-report data in women com¬ 
pared to men. The CARDIA study did not iden¬ 
tify an association between long sleep and 
hypertension, perhaps reflecting the relatively 
young population studied compared to prior 
studies that included larger numbers of older 
individuals. 

Since poor health and low socioeconomic sta¬ 
tus are correlates of extreme sleep durations in 
adults, all studies of adult populations could be 
biased by residual confounding. For example, in 
epidemiological studies that have addressed sleep 
duration as a risk factor, physical activity has 
been most often assessed by self-report rather 
than with objective measurements, and general 
health and psychiatric history have usually been 
ascertained by only a few questions. To partly 
address concerns regarding residual confounding 
as well as exposure misclassification, Javaheri 
and colleagues examined the association between 
sleep duration and sleep efficiency measured 
objectively using wrist actigraphy in a sample of 
adolescents recruited from the community who 


were largely free of chronic illness (Cleveland 
Children’s Sleep and Health Study) [12], 
Approximately 10% of the adolescents in this 
study had markedly short sleep, as defined by an 
average sleep duration of less than 6.5 h per 
night. These adolescents had an approximately 
2.5-fold increased odds of pre-hypertension or 
hypertension compared to adolescents sleeping 
longer. Even stronger associations were seen for 
low sleep efficiency (<85%) and elevated blood 
pressure. 

The CARDIA and Cleveland Children’s Sleep 
and Health Study both identified a potential role 
of sleep fragmentation as a hypertension risk 
factor. In the large GAZEL study, a cohort of 
French workers, an increased incidence of hyper¬ 
tension was observed in both men and women, 
who reported hypnotic medication use [13], 
which may be a marker of poor quality sleep or, 
itself, may adversely affect blood pressure 
control. In this study, in women, three or more 
self-reported sleep disturbances were associa¬ 
tions with an approximately 50% increased inci¬ 
dence of hypertension, suggested that poor or 
fragmented sleep may adversely affect blood 
pressure control. 


Epidemiological Associations 
Between Insufficient Sleep 
and Cardiovascular Disease 

A meta-analysis examining the association 
between sleep duration and cardiovascular dis¬ 
ease has been conducted of 15 studies, which 
together include 474,684 individuals [14], Based 
on this analysis, short sleep duration was esti¬ 
mated to increase risk of dying from or develop¬ 
ing coronary heart disease and stroke by almost 
50% and 15%, respectively. Long sleep duration 
also was associated with increased risk of these 
outcomes as well as was associated with an 
increase in total cardiovascular disease mortality. 
A summary of the effects for each study that 
reported on coronary artery disease and stroke 
are shown in Figs. 12.1 and 12.2, respectively. 
Although the reference group in these studies 
was defined as those reporting sleeping 7-8 h per 
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night, the thresholds for defining short and long 
sleep varied across studies. Some heterogeneity 
across studies was noted. Overall, there was no 
significant evidence for differences by gender. 
Some of the key studies are further discussed 
below. 

The U.S. National Health Interview Survey 
assessed risk factors for cardiovascular disease 
(myocardial infarction, angina, and stroke) in 
over 31,000 individuals more than 18 years of age 
[16]. Statistical models included adjustment for 
multiple covariates, including self-reported 
depression, diabetes, hypertension, weight, and 
physical activity. Potential differences across age, 
gender, and obesity subgroups were examined. 
Both short and long sleep durations were associ¬ 
ated with increases in cardiovascular disease. 
Consistent associations were observed for men 
and women and obese and nonobese individuals. 
In contrast, stronger associations for short sleep 
and cardiovascular disease were observed for 
those less than 60 years of age compared to older 
individuals. Compared to individuals less than 
age 60 years reporting 7 h of sleep per 24-h 
period, those reporting less than 5 h of sleep had 
an almost threefold increased odds of cardiovas¬ 
cular disease. The magnitude of association was 
approximately 50% less for older individuals. 
Sleeping longer than 9 h per night was associated 
with an approximately 80% increased odds of 
cardiovascular disease, with effects similar in 
younger and older individuals. 

The Nurses Health Study provided longitudi¬ 
nal data on over 71,000 women followed for 
more than 10 years. After adjusting for multiple 
covariates, both self-reported short sleep (<5 h) 
and long sleep (>9 h) were each associated with 
an almost 40% increased risk of developing coro¬ 
nary artery events [17]. 

Incident stroke and insufficient sleep were 
examined in 93,175 women participating in the 
Women’s Health Initiative [18]. At their baseline 
exam when the women were aged 50-79 years, 
8.3% reported sleeping less than 5 h per night and 
4.6% reported sleeping more than 9 h per night. 
Short sleep was more common among nonwhite 
women and associated with low socioeconomic 
status, physical inactivity, obesity, and increased 


health problems. Over an average follow-up 
period of 7.5 years, incidence of ischemic stroke 
was observed to be lowest among those getting 
7 h of sleep per night. In adjusted analyses, only 
a modest association was observed for short sleep 
(<6 h per night; relative risk increased by approx¬ 
imately 10-20%), while long sleep (>9 h) was 
associated with an approximately 70% increased 
rate of stroke. An increased risk of stroke in asso¬ 
ciation with long sleep (defined here as greater 
than 8 h per night) but not short sleep was dem¬ 
onstrated in the NHANES-1 dataset [19]. 
Sleepiness occurring with long sleep was associ¬ 
ated with an even higher (90%) increased risk of 
stroke, suggesting that long sleep may be a marker 
for poor quality sleep. In contrast in a study of 
hypertensive patients undergoing brain MRI 
studies, those individuals reporting less than 7.5 h 
of sleep per night were more than twofold and 
more likely to have MRI evidence for ischemic 
vascular disease. Thus, it is not clear whether 
stroke risk is more strongly related to long or 
short sleep. 


Associations Between Insufficient 
Sleep and Cardiovascular Mortality 

The Japanese Collaborative Cohort Study (JAAC) 
reported mortality patterns in relationship to self- 
reported sleep duration for almost 100,000 adults, 
aged 40-79 years followed for a median of 
14.3 years) [20], Although short and long sleep 
durations were both associated with increased 
age and depression, shorter sleep was associated 
with increased mental stress while longer sleep 
was associated with lower education level. The 
lowest mortality rates were observed for those 
individuals reporting 7 h of sleep per night. 
Compared to women in this reference group, 
women reporting less than 4 h of sleep per night 
had an approximately 2.3-fold increased coro¬ 
nary heart disease mortality rate, and women get¬ 
ting less than 5 h of sleep had an approximate 
60% increased coronary heart disease rate. 
A similar relationship between short sleep and 
mortality due to coronary heart disease was not 
observed in men. However, noncardiovascular 
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mortality and mortality due to stroke was 
increased in both men and women who reported 
more than 10 h of sleep per night. 

Increased mortality rates including all-cause, 
cardiovascular, and noncardiovascular mortality 
have been demonstrated in the Whitehall II study 
for individuals with sleep durations at either end 
of the continuum, a pattern referred to as a “J” or 
“U” shape [8, 21]. In this study, the association 
between mortality and change in sleep duration 
over time also was evaluated. Compared to the 
reference group where no change in sleep dura¬ 
tion was observed, a decrease in sleep duration 
from 7 or 8 h over time was associated with an 
approximately twofold increase in all-cause and 
noncardiovascular mortality rate while an 
increase in sleep duration over time was associ¬ 
ated with an increase in all-cause and noncardio¬ 
vascular disease mortality. A U-shaped total 
mortality distribution in association with sleep 
duration was also demonstrated in two large 
Finnish cohort studies in both men and women [22] . 
However, increased cardiovascular mortality was 
only observed in women, and was strongest for 
the most extreme ends of the sleep duration dis¬ 
tributions (<5 h and >10 h). 


Intermediate Markers 
of Cardiovascular Disease 

In addition to “hard” cardiovascular endpoints, 
several studies have examined the association of 
subclinical measures of cardiovascular disease 
and insufficient sleep. C-Reactive protein, inter- 
leukin-6, and TNF-alpha, and proteins associated 
with increased cardiovascular morbidity have 
been shown to increase after experimental sleep 
restriction [2, 23, 24], The extent to which chron¬ 
ically insufficient sleep influences the levels of 
inflammatory markers is less clear, but there are 
some data suggesting that inflammatory and pro- 
thrombotic markers may be elevated in condi¬ 
tions of chronically short or long sleep duration 
[23, 25]. Given that the pathogenesis of athero¬ 
sclerosis includes inflammation, it is possible that 
a portion of the aforementioned associations 
with cardiovascular disease may be mediated 


through an effect of sleep duration on systemic 
inflammation. 

Coronary artery calcium (CAC) visualized 
on imaging studies is considered a subclinical 
marker associated with increased risk for myo¬ 
cardial infarction. In the CARDIA study, the 
5-year incidence rate of CAC was shown to be 
inversely linearly associated with sleep duration 
estimated by wrist actigraphy [26]. In this study, 
each additional hour of sleep was associated with 
an approximately 70% decreased incidence of 
CAC. Subanalyses suggested that this association 
was stronger in women compared to men. 

Intima-media thickness assessed by carotid 
ultrasound, another measure of subclinical ath¬ 
erosclerosis, has been assessed in association 
with self-reported sleep in a German sample, 
aged 20-79 years [27]. Increased intima thick¬ 
ness was demonstrated in groups reporting both 
less than 5 h of sleep per night and more than 
11 h of sleep per night [27], Those with extreme 
sleep durations also have higher levels of hemo¬ 
globin A1C, blood pressure, and diabetes. 

Thus, associations of sleep duration with bio¬ 
markers associated with cardiovascular disease 
as well as with subclinical markers of atheroscle¬ 
rosis further support the epidemiological data 
showing an increased in clinical cardiovascular 
disease and cardiovascular mortality in associa¬ 
tion with short and/or long sleep duration. 


Association of Symptoms of Poor 
Sleep/Insomnia with Hypertension 
and Cardiovascular Disease 

Insomnia symptoms, particularly reported 
difficulties in initiating sleep (DIS) and difficulties 
in maintaining sleep (DMS), have been associated 
with both short and long sleep durations [28]. 
Since insomnia is associated with heightened 
states of arousal and is often accompanied by 
anxiety or depression, which also are associated 
with numerous adverse health outcomes, it is 
plausible that a portion of the relationships 
observed between sleep duration and cardiovas¬ 
cular disease may reflect insomnia or residual 
confounding due to mood disorders. 
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One systemic review estimated that symptoms 
suggestive of insomnia were associated with rela¬ 
tive risks for cardiovascular disease varying from 
1.5 to 3.9 [29], Symptoms of problems initiating 
sleep and maintaining sleep have also been asso¬ 
ciated with increased cardiovascular mortality 
[30, 31], One study showed that this relationship 
was only significant for women [30], It is unclear 
whether hypnotic use may have confounded the 
latter associations. It has noted that most pub¬ 
lished studies of insomnia and cardiovascular 
disease have not accounted for depression, which 
may increase risk for both conditions. 

Only a few studies have examined both insom¬ 
nia and sleep duration in the same cohort. The 
MONICA Ausberg study of nearly 7,000 adults 
followed for a mean of 10 years demonstrated in 
analyses adjusted for multiple confounders an 
almost threefold increased incidence of myocar¬ 
dial infarction in women who reported sleeping 
<5 h compared to those sleeping 8 h per night 
[28], In women, the symptom of DMS was asso¬ 
ciated with incident myocardial infarction; how¬ 
ever, this association was attenuated in models 
that adjusted for other health attributes and behav¬ 
iors. DIS was unassociated with incident myocar¬ 
dial infarction in men and women. Analyses 
stratified by insomnia symptoms, although under¬ 
powered, showed similar associations, suggest¬ 
ing an independent effect of sleep duration. 

In a Pennsylvania community cohort, Vgontzas 
and colleagues performed a rigorous set of analy¬ 
ses attempting to further dissect the influences of 
sleep duration from insomnia on hypertension 
[32], In statistical models adjusted for multiple 
potential confounders, a 1-year history of “insom¬ 
nia” but not symptoms of DMS and DIS, was 
associated with hypertension. Short sleep dura¬ 
tion also was associated with a higher prevalence 
of hypertension. The highest risk of hyperten¬ 
sion, however, was observed in a group who had 
polysomnography-determined sleep duration of 
less than 5 h and reported a history of insomnia 
for one or more years in duration. In subjects 
sleeping more than 6 h, symptoms of poor sleep/ 
insomnia were not associated with hypertension. 
Similarly, short sleep in the absence of sleep 
complaints was not associated with hypertension. 


Since these analyses used polysomnographically 
defined sleep from a single night of monitoring, 
the results cannot be directly compared to the 
other epidemiological studies reviewed earlier. 
However, this study suggests that a combination 
of short sleep and subjective sleep complaints 
may be associated with the highest risk of 
hypertension. 


Potential Impact of Confounding 
and Effect Moderation 

Numerous epidemiological studies have 
identified that extremes of sleep duration are 
associated with other indices of poor health. 
Invariably, these include low socioeconomic 
class, obesity, minority race, poorer mental health 
(including depressive symptoms) and poorer 
overall general health. Tobacco and alcohol use 
have also been associated with extreme sleep 
duration. Although a number of the large epide¬ 
miological studies have adjusted for many of 
these potential confounders, often the measure¬ 
ments used have been based on self-report and 
could have resulted in some degree of exposure 
misclassification. Risk factors that have not been 
rigorously assessed in most studies that have 
examined sleep duration are physical activity, 
sedentary activity, and dietary composition—all 
of which strongly influence cardiovascular dis¬ 
ease incidence. It is quite likely that the associa¬ 
tions among these factors and sleep duration and 
quality are complex, and potentially bi-directional. 
Further, defining these inter-relationships may be 
critical for creating public policies that provide 
comprehensive health recommendations. 
Additionally, better measurements and modeling 
of psychological and environmental stresses may 
help to further understand whether some of the 
differences in study results are due to confound¬ 
ing or mediation by these factors. Finally, it is 
possible that sleep deficiency preferentially 
affects certain subgroups. For example, some 
studies indicate stronger effects in women than 
men, and in younger compared to older individu¬ 
als. Whether background hormonal levels, 
genetic factors or other background risk factors 
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protect or increase susceptibility to insufficient is 
not understood. 


Conclusion 

In aggregate, studies conducted across multiple 
settings in diverse populations indicate that 
extremes of sleep duration are associated with 
numerous cardiovascular risk factors, including 
hypertension. However, even after considering 
these risk factors, the predominance of data indi¬ 
cates that extreme sleep duration is also associ¬ 
ated with clinical cardiovascular disease and 
cardiovascular mortality. The overall “dose- 
response” for these associations is not clear. 
While some studies suggest monotonic associa¬ 
tions, others suggest a J- or U-shaped distribu¬ 
tion. Also, while the most extreme durations 
(e.g., less than 5 or more than 10 h of sleep per 
night) have been fairly consistently associated 
with adverse cardiovascular outcomes, the mag¬ 
nitude of effect of less extreme deviations from 
7 to 8 h per night is less apparent. The sources of 
population heterogeneity in susceptibility to the 
effects of sleep deprivation also are not well 
understood. While some data indicate stronger 
effects in women compared to men, it is plausible 
that such differences could relate to measurement 
or greater misclassification of exposures in men. 
A further understanding of the inter-relationship 
of sleep patterns with other important health 
behaviors (activity patterns and diet) and more 
comprehensive assessments of sleep in terms of 
duration, quality, timing, and symptoms may help 
further clarify which aspects of sleep are most 
important in the pathogenesis of cardiovascular 
disease. 
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Abstract 

Obstructive sleep apnea (OSA) is a common disorder with significant 
health and performance consequences. Effective therapies are available 
but require long-term management because of the chronic nature of the 
disorder. The low rates of treatment are due primarily to under-recognition 
of the disorder. Given the high prevalence and significant consequences of 
lack of treatment, an evaluation for OSA should become part of any gen¬ 
eral routine health maintenance evaluation. Herein, we discuss the evalua¬ 
tion of the patient with OSA. 


Introduction 

Obstructive sleep apnea (OSA) is a common 
disorder that produces daytime impairment and 
deleterious health consequences [1], OSA is 
characterized by repetitive collapse of the upper 
airway, leading to drops in blood oxygen levels, 
repetitive arousals from sleep, and elevations in 
blood pressure [2], The prevalence rate for OSA 
with symptoms in the 30- to 60-year-old general 
population has been estimated at 2-4%, with 
higher rates in high risk population such as dia¬ 
betics, obese individuals, those with congestive 
heart failure, and certain population demograph¬ 
ics [3]. However, the rate of abnormal breathing 
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during sleep, defined as more than five obstructive 
episodes per hour of sleep, is much higher with a 
prevalence of 9% for women and 24% for men 
[3], Even these values may underestimate the true 
prevalence as they were derived from studies per¬ 
formed at the start of the current obesity epi¬ 
demic. Obesity rates have risen significantly over 
the last 20 years and, currently, over 30% of 
Americans are obese [4], Since obesity is one 
of the major risk factors for the development of 
OSA, rates of OSA are likely higher as well. 

The diagnosis of OSA is made by demonstrat¬ 
ing obstructive events during sleep in individuals 
with symptoms and risk factors suggestive of 
OSA. Despite the high prevalence of the disorder, 
known risk factors and distinctive features of the 
disorder, OSA is still under-recognized and 
under-diagnosed. In one study of almost 5,000 
adults in the general population, 93% of women 
and 82% of men with moderate-to-severe OSA 
had not been clinically diagnosed [5]. Reasons 
for this include a lack of awareness in the 
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general population as well as lack of training in 
sleep disorders for physicians and other clini¬ 
cians. Sleep medicine training is a postgraduate 
exercise, occurring after medical school for most 
physicians, with fewer than 5 h devoted to train¬ 
ing in sleep or sleep disorders in most medical 
school curricula [6]. 

Programs to improve awareness of sleep dis¬ 
orders in the general population and the medical 
community have been instituted and are having 
success in raising recognition rates and increas¬ 
ing care programs. Fellowship programs in sleep 
medicine have been started to train sleep special¬ 
ists; board certification is required to practice 
sleep medicine and sleep medicine has been for¬ 
mally recognized as a subspecialty field [7], As a 
result, much study has been done on the appro¬ 
priate use of diagnostic testing and treatments for 
sleep disorders such as OSA. To help clinicians 
sort through the large volume of available infor¬ 
mation, specialty organizations undertake evi¬ 
dence-based reviews and recommend clinical 
guidelines for evaluation and treatment of disor¬ 
ders. The American Academy of Sleep Medicine, 
the professional organization of sleep clinicians 
and sleep researchers, regularly publishes evi¬ 
dence-based Practice Parameters to assist clini¬ 
cians in treating patients. Recently, a task force of 
the AASM pulled together all of the Practice 
Parameters to publish a comprehensive Clinical 
Guideline for the Evaluation, Management, and 
Long-term Care of Obstructive Sleep Apnea in 
Adults [8], That Clinical Guideline is the basis 
for this discussion on the evaluation of the patient 
with OSA. 


Diagnosis 

The diagnosis of OSA is based on the clinical 
signs and symptoms determined during a compre¬ 
hensive sleep evaluation, which should include a 
sleep-oriented history and physical examination 
and findings identified by sleep testing. The 
International Classification of Sleep Disorders 
defines OSA as the occurrence of symptoms in 
the presence of at least five obstructive respiratory 
events (apneas, hypopneas, or respiratory effort- 


related arousals) per hour of sleep. The presence 
of 15 or more obstructive respiratory events per 
hour of sleep in the absence of sleep-related symp¬ 
toms is also sufficient for the diagnosis of OSA 
due to the greater association of this severity of 
obstruction with important consequences such as 
increased cardiovascular disease risk [9]. 


History and Physical Examination 

A comprehensive sleep history should include an 
evaluation for symptoms of OSA: snoring, wit¬ 
nessed apneas, gasping/choking episodes, exces¬ 
sive sleepiness not explained by other factors 
(including assessment of sleepiness severity by 
the Epworth Sleepiness Scale [10]), total sleep 
amount, nocturia, morning headaches, sleep frag¬ 
mentation/sleep maintenance insomnia, and 
decreased concentration and memory (see 
Table 13.1) [8]. In addition, there should be an 
investigation for conditions that either increase 
the risk of OSA or can be a consequence of OSA, 
including hypertension, stroke, cardiovascular 
disease, cor pulmonale, decreased daytime alert¬ 
ness, and motor vehicle crashes [8]. 

Findings on physical examination are not 
pathognomonic for OSA but can suggest an 
increased risk for having the disorder. The exami¬ 
nation should include an evaluation of the respi¬ 
ratory, cardiovascular, and neurologic systems 
[11]. The person should be evaluated for signs of 
upper airway narrowing or the presence of other 
disorders that increase the risk of OSA. In par¬ 
ticular, features suggestive of OSA include a neck 
circumference greater than 17” in men and 16” in 
women, a body mass index >30 kg/m 2 , a modified 
Mallampati score of 3 or 4, or the presence of 
retrognathia, lateral peritonsillar narrowing, mac- 
roglossia, tonsillar hypertrophy, elongated/ 
enlarged uvula, high arched high palate, and nasal 
abnormalities or overjet (see Table 13.1) [8,12], 


Objective Testing 

Objective testing should be performed to confirm 
the clinical findings and determine the severity of 
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Table 13.1 Components of a comprehensive sleep evaluation for OSA 

Symptoms on history 

Signs on physical examination 

Snoring 

Neck circumference >17 inches in men, >16 inches in women 

Witnessed apnea 

Body mass index (BMI) >30 kg/m 2 

Gasping/choking episodes 

Modified Mallampati score of 3 or 4 

Nocturia 

Crowded oropharynx (tonsillar hypertrophy, elongated uvula, 
macroglossia) 

Morning headaches 

Nasal abnormalities (polyps, deviation, turbinate hypertrophy, 
valve abnormalities) 

Fragmented sleep/sleep maintenance problems 

Retro/micrognathia 

Decreased concentration and memory 

High arched palate 

OSA risk factors and consequences 

Overjet 


OSA. Currently, no clinical model predicts the 
severity of OSA, and treatment decisions are 
based on the severity of the disorder [11, 13], 
There are two recognized methods for objective 
testing, in-laboratory testing with a polysomno- 
gram (PSG) and out of center testing (OCST) 
using portable monitors (PM) [8], 

A PSG measures multiple physiologic 
parameters and allows a comprehensive analysis 
of sleep, including sleep stages, electroencepha¬ 
lography, respiratory events, snoring, cardiac 
rhythms, limb movement, and eye movements 
[14] (see Fig. 13.1). The PSG can be used not 
only to characterize sleep quality but also to 
detect the wide variety of sleep disorders. PSG 
is the reference standard for the diagnosis of 
OSA [11], 

In-laboratory testing is time intensive, utilizes 
a trained technologist to monitor the patient 
throughout the sleep period, and requires the 
patient to sleep at the sleep center rather than at 
home. In an attempt to reduce cost and improve 
patient access to testing, OCST with PMs has 
been extensively studied as an alternative to in¬ 
laboratory PSG. The types of PMs available 
range from full PSG in the home to devices that 
measure only a few parameters (see Fig. 13.2). 
OCST with PMs is indicated only for the diag¬ 
nosis of OSA because, compared to PSG, the 
devices typically measure fewer parameters, 
most frequently respiratory parameters (airflow 
and effort), oxyhemoglobin saturation, and heart 
rate (see Table 13.2). The current recommenda¬ 


tion is that OCST with PMs may be used to 
diagnose OSA when utilized as part of a com¬ 
prehensive sleep evaluation in patients with a 
high pretest likelihood of moderate to severe 
OSA [15], 


Patient Education 

The patient should review the results of the evalu¬ 
ation with the sleep specialist, including the sleep 
study findings. If a diagnosis of OSA is made, the 
patient should be educated on the pathophysiol¬ 
ogy of the disorder, disease severity, risk factors, 
natural history, and clinical consequences of 
OSA. General education on dealing with the 
diagnosis of OSA should include information on 
the impact of weight loss, sleeping position, alco¬ 
hol avoidance, risk factor modification, and med¬ 
ication effects. The patient should receive specific 
counseling on the increased risk of drowsy driv¬ 
ing due to OSA and how to prevent and manage 
problems while driving [8], Specific reporting 
requirements for the counseling physician are 
state dependent, so the specialist should learn the 
appropriate regulations for their locale. Once the 
patient has an understanding of the impact and 
severity of their OSA, the patient should be pre¬ 
sented with treatment options appropriate for 
their disease severity and situation. The decision 
on the type of treatment to use should be a col¬ 
laboration between the patient, the patient’s fam¬ 
ily, and the sleep specialist. 
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Fig. 13.2 Example of recording from OCST with PM. Shown is a 2-min sample from a 6-channel recorder obtained in the patient’s home. The tracing shot 
tive events (underlined in the FLOW channel) accompanied by oxyhemoglobin desaturation. Sp02 = oxyhemoglobin saturation, HR=heart rate, and POS = 
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Table 13.2 Comparison of in-laboratory polysomnography with out of center sleep testing with portable monitors 


PSG 

OCST with PMs 

Site of testing 

Sleep center 

Patient’s home 

Parameters measured 

12-19 

1-19 possible, most often 4—7 
parameters 

Types of analysis 
performed 

Comprehensive sleep analysis; sleep stages, respiratory, 
movement, electronencephalography 

Respiratory analysis only 

Sleep disorders 
evaluated 

Sleep fragmentation disorders, sleep-related respiratory 
disorders, movement disorders, nocturnal seizure disorders, 
parasomnias 

Obstructive sleep apnea 

Technologist required 
during testing 

~Yes 

No 

Cost 




Treatment 

There are medical, surgical, and behavioral 
options for treating OSA. The goal of therapy is 
to improve symptoms and performance, decrease 
deleterious consequences, particularly cardiovas¬ 
cular consequences, and improve quality of life. 
Positive airway pressure (PAP), a medical option, 
is the treatment of choice for mild, moderate, and 
severe OSA and should be offered as an option to 
all patients [8]. 


Positive Airway Pressure 

First described by Sullivan and colleagues in 
1981 [16], PAP therapy uses air delivered at pres¬ 
sure through the nose, or nose and mouth, to act 
as a pneumatic splint, preventing collapse of the 
upper airway. PAP quickly and demonstrably 
eliminates airway obstruction, improves daytime 
sleepiness, and improves quality of life [17], 
Treatment of OSA can reduce blood pressure 
[18], decrease stroke and cardiovascular disease 
morbidity and mortality [19], and reduce auto¬ 
mobile crash rates [20]. 

There are several modes of delivery of PAP. 
The most common is continuous positive airway 
pressure (CPAP), where the device delivers 
airflow sufficient to maintain a constant pressure 
throughout both inspiration and expiration. The 


pressure is set at the lowest pressure that elimi¬ 
nates all events. With bilevel positive airway 
pressure (BPAP), the pressure varies between the 
different phases of the respiratory cycle. Higher 
pressures are required to keep the airway open 
during inspiration than during expiration, allow¬ 
ing the expiratory positive airway pressure 
(EPAP) to be set lower than the inspiratory posi¬ 
tive airway pressure (IPAP). Some patients find 
breathing out against a lower pressure more com¬ 
fortable and will use BPAP but not CPAP. 
Autotitrating positive airway pressure (APAP) 
devices adjust the amount of PAP delivered to the 
patient depending on the amount needed to keep 
the airway open. The devices detect changes in 
upper airway resistance and patency and respond 
by increasing or decreasing pressure. These 
devices start at a low pressure, increase until 
obstructive events are eliminated, then maintain 
the pressure that eliminates obstruction. After a 
set time the pressure slowly drops in order to find 
the lowest pressure that maintains a patent air¬ 
way. The mean airway pressure over the course 
of the night is lower than on CPAP, because the 
machine can drop the pressure in sleep positions 
or stages that do not need as high a pressure [21], 
Randomized trials have not shown any one mode 
to be superior to the other modes [22, 23]; how¬ 
ever, individual patients may be able to tolerate 
one type over another, so treatment should be tai¬ 
lored to the patients’ tolerance and preference. 
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In-laboratory PSG is the preferred approach 
for determining the optimal CPAP or BPAP level 
but APAP devices may be used to determine a 
fixed CPAP level or as the treatment mode in an 
unattended fashion [17, 24], Tolerance of PAP 
therapy may be enhanced by use of heated 
humidification and a systematic educational pro¬ 
gram and PAP usage should be objectively moni¬ 
tored with time and use meters to help assure 
utilization [17]. 

Adherence to therapy is the major limitation 
to treatment with PAP. Patients tend to under¬ 
report PAP use, so it is important to measure 
adherence objectively [25]. Long-term usage pat¬ 
terns are established early in the treatment period, 
within the first 1-3 months, so it is important to 
maximize the early experience with PAP [26, 27], 
Close follow-up for problems, and monitoring 
PAP adherence, is especially important during 
the first few weeks of PAP and should be part of 
the treatment plan [17]. If PAP use is considered 
inadequate based on objective monitoring and the 
patient’s report of symptom improvement, alter¬ 
native therapies should be considered and imple¬ 
mented promptly [8]. 


Oral Appliances 

Custom-made oral appliances (OA) may improve 
upper airway patency during sleep by enlarging 
the upper airway and/or by improving upper air¬ 
way muscle tone and decreasing upper airway 
collapsibility [28]. The most commonly used 
OAs are mandibular repositioning appliances that 
cover the upper and lower teeth and hold the man¬ 
dible in an advanced position. Tongue-retaining 
devices hold only the tongue in a forward posi¬ 
tion with respect to the resting position. 

OAs are not as effective as PAP therapy but 
can eliminate obstructive events. They are indi¬ 
cated for the treatment of mild and moderate 
OSA and in patients who are unable to use PAP 
therapy or fail other treatment modalities [29], 
Patients should undergo a thorough dental exami¬ 
nation to assess candidacy for an OA and should 
be fitted by dental personnel who are trained in 


management of OSA as well as in the overall 
care of oral health, the temporomandibular 
joint, dental occlusion, and associated oral 
structures [8]. The goal of OA treatment includes 
the elimination of obstructive events, normaliza¬ 
tion of oxyhemoglobin saturation levels, and 
resolution of the clinical signs and symptoms of 
OSA. To ensure a satisfactory outcome has 
been achieved with OA therapy, patients should 
undergo objective sleep testing, either in-labora- 
tory PSG or OCST with PMs, to demonstrate 
elimination of OSA [29], 


Other Medical Therapies 

A novel nasal expiratory positive airway pressure 
device was introduced recently. Small resistance 
valves are placed over each nostril with adhesive 
tape. The valves create resistance to expiratory 
airflow, increasing the pressure in the upper air¬ 
way. The valves are disposable, small, and easily 
transportable. An initial study showed an average 
reduction of 43% in obstructive events, with some 
subjects having elimination of OSA [30], The 
device was more effective in those with mild and 
moderate OSA than severe OSA. More study is 
required to understand the appropriate indica¬ 
tions and the role for this therapy. 

There are currently no effective pharmaco¬ 
therapies for OSA except those that treat disor¬ 
ders that can contribute to the development of 
OSA, such as thyroid replacement therapy for 
hypothyroidism [31], Oxygen and stimulant 
medications, such as modafinil, are adjunctive 
therapies that do not treat OSA directly but may 
treat some of the consequences of OSA, in par¬ 
ticular, hypoxemia and daytime sleepiness [32], 

Behavioral Therapies 

This group of treatments is characterized by the 
patient modifying their behavior in a manner that 
improves OSA and includes weight loss and 
positional therapy. Weight gain narrows the size 
of the airway and is a major risk factor for the 
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development of OSA. Weight loss, conversely, 
leads to an increase in airway diameter and reduc¬ 
tion in the number of obstructive events [33], 
With sufficient weight loss, OSA may be elimi¬ 
nated in some cases. Weight loss should be 
recommended for all overweight OSA patients. 
However, weight loss therapy should be 
combined with another primary treatment for 
OSA because of the low success rate of dietary 
programs and the low cure rate by dietary 
approach alone [32], After substantial weight 
loss (i.e., 10% or more of body weight), a follow¬ 
up sleep study, either in-laboratory PSG or OCST 
with PM, is indicated to ascertain whether PAP 
therapy is still needed or whether adjustments in 
PAP level are necessary [8]. 

Sleep position also affects airway size and pat¬ 
ency with a decrease in the area of the upper air¬ 
way while in the supine position [34], Positional 
therapy consists of methods to keep the persons 
from sleeping on their back. Before utilizing this 
form of therapy, objective testing, typically with 
an in-laboratory PSG, must demonstrate the per¬ 
son has a low frequency of obstructive events in 
the nonsupine position versus that in the supine 
position [32], A positioning device (e.g., position 
alarm, pillow, backpack, tennis ball) should be 
used when initiating positional therapy. To estab¬ 
lish the efficacy of a positioning device in the 
home, providers should consider use of an objec¬ 
tive position monitor [8], 

Surgical Therapy 

The earliest treatments for OSA, prior to the intro¬ 
duction of CPAP, were surgical. The goal of surgical 
therapy is the resolution of the clinical signs and 
symptoms of OSA, elimination of obstructive 
events and oxyhemoglobin desaturation, and the 
normalization of sleep quality. The presence and 
severity of OSA must be determined by objective 
sleep testing before initiating surgical therapy 
[35], Surgical therapy includes a variety of upper 
airway reconstructive or bypass procedures. 


Tracheostomy is an effective single intervention 
for OSA and works by bypassing the site of upper 
airway obstruction. Though nearly uniformly 
successful, this procedure is typically considered 
only when other options are refused or are inef¬ 
fective because of significant morbidity and poor 
patient acceptance [35], 

Site-specific therapies are designed to increase 
the size of the airway and prevent obstruction by 
targeting the site of collapse. However, current 
diagnostic methods are not effective at identify¬ 
ing the site of collapse and most patients have 
multiple sites of collapse [36], making single site 
surgeries less successful. The most frequently 
performed OSA surgery is the uvulopalatophar- 
yngoplasty (UPPP), but this procedure does not 
reliably eliminate OSA [35], Because of the vari¬ 
able success rate, follow-up objective testing 
needs to be performed to prove efficacy. The vari¬ 
ety of site-specific surgeries is listed in Table 13.3. 
Maxillo-mandibular advancement surgery has a 
higher success rate and is indicated for the 
surgical treatment of severe OSA in patients who 
cannot tolerate PAP therapy or OA therapy [35]. 
Surgical therapy is often performed as part of 
multi-level or stepwise surgery, in which surgical 
intervention progresses from site-specific to more 
involved maxillofacial procedures with efficacy 
checks between steps [37]. 

Radiofrequency tissue ablation and palatal 
implants are approved for use in snoring and 
OSA and are treatments for patients with 
mild-to-moderate OSA who cannot tolerate other 
treatment modalities [35]. Laser-assisted uvulo- 
palatoplasty is not recommended as a treatment 
for OSA. Nasal reconstruction surgeries are used 
for symptomatic nasal airway blockage but typi¬ 
cally do not resolve OSA [38], 

A postoperative evaluation should be 
performed after an appropriate period of healing 
and should include clinical follow-up for symp¬ 
tom resolution and an objective sleep test to 
demonstrate elimination of OSA. If OSA has not 
been resolved, an alternative treatment should be 
instituted. 
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Table 13.3 Treatments for obstructive sleep apnea 

Treatment category 

Therapies 

Medical 

Continuous positive airway pressure (CPAP) 

Bilevel positive airway pressure (BPAP) 

Autotitrating positive airway pressure (APAP) 

Oral appliances 

Expiratory resistance valves 

Adjunctive therapies (oxygen, modafinil) 

Behavioral 

Weight loss 

Positional therapy 

Surgical 

Upper airway bypass 

Tracheostomy 

procedure 

Site specific procedures 

Nasal procedures (septoplasty, nasal valve surgery, turbinate reduction, polypectomy) 
Oropharyngeal procedures (UPPP, tonsillectomy +/- adenoidectomy, palatal implants) 
Hypopharyngeal procedures (tongue reduction, genioglossal advancement, hyoid 
suspension) 

Global airway procedures 

Maxilomandibular advancement 

Bariatric surgery 


Bariatric surgery is considered an adjunctive 
surgery for the treatment of OSA. Bariatric sur¬ 
gery produces major weight loss and is currently 
indicated in individuals with a body mass index 
(BMI) >40 kg/m 2 or those with a BMI>35 kg/m 2 
with comorbidities related to obesity [39]. There 
is a large overlap between this population and 
those with OSA. The remission rate for OSA 
2 years after bariatric surgery, related to the 
amount of weight lost, is 40%, emphasizing 
the need for ongoing clinical follow-up of these 
patients [40], 


Long-Term Management 

OSA is a chronic disease that requires long-term 
treatment unless there is modification of the 
underlying features contributing to the develop¬ 
ment of the disorder, either weight loss in cases 
related to obesity or surgical expansion of upper 
airway size. All patients with OSA should have 


ongoing, long-term management, education, and 
support. For those on therapy, they should have 
regular follow-up to check adherence to treat¬ 
ment, look for side effects, and conduct ongoing 
risk modification. Those with effective interven¬ 
tion that has eliminated OSA should be moni¬ 
tored for return of symptoms [8]. 


Conclusion 

OSA is a common disorder with significant 
health and performance consequences. Effective 
therapies are available but require long-term 
management because of the chronic nature of 
the disorder. The low rates of treatment are due 
primarily to under-recognition of the disorder. 
Given the high prevalence and significant con¬ 
sequences of lack of treatment, an evaluation 
for OSA should become part of any general 
routine health maintenance evaluation (see 
Fig. 13.3). 
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Fig. 13.3 Flow chart of evaluation of patients suspected of having OSA. Adapted with permission from [8] 
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Abstract 

Obesity is a chronic disease resulting in major morbidity and premature 
death globally. Current pharmacological treatments are not fully accept¬ 
able because of their poor safety and efficacy. Obesity is also associated 
with other serious complications such as diabetes mellitus, hypertension, 
hyperlipidemia, hypercholesterolemia, cardiovascular disease etc. Because 
of its complex nature there is a need for safe and efficacious long-term 
pharmacological treatment. One treatment approach is not sufficient to 
manage complex pathological circuitry of obesity. Recently, several novel 
targets have been proposed that control energy homeostasis and prevent 
obesity. Although, newer drugs are years away from clinical use, the hope 
for research investments made to date is translation into safe and effective 
pharmacological treatment in the future. The goal of this chapter is to 
describe the latest strategies of pharmacological treatment that are under 
development, which may finally be used in future. 


Introduction 

Obesity is an epidemic condition affecting the 
population worldwide. The prevalence of obesity 
has increased tremendously over the past five 
decades [1], In the USA, obesity is increasing not 
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only in adults, but especially among children and 
adolescents [2], As many as one-third of all 
Americans are obese. In 1997, The World Health 
Organization (WHO) recommended a standard 
classification of adult overweight and obesity 
based on BMI criteria: a BMI of 25.0-29.9 kg/m 2 
is defined as overweight; a BMI of 30.0 kg/m 2 or 
more is defined as obesity [1]. 

Obesity means abnormal accumulation of body 
fat, usually 20% or more over an individual’s 
ideal body weight. Increasing evidence suggest 
that obesity is not a simple problem but a complex 
disorder involving appetite regulation and 
energy metabolism. It is associated with a variety 
of comorbid conditions such as hypertension, 


P.J. Shiromani et al. (eds.). Sleep Loss and Obesity: Intersecting Epidemics, 

DOI 10.1007/978-l-4614-3492-4_14, © Springer Science+Business Media, LLC 2012 


203 






204 


D.G. Kabra et al. 


diabetes mellitus, hypercholesterolemia, sleep 
apnea, stroke, arthritis, gallstones, and certain 
types of cancer [3,4], The etiology of obesity is 
still not completely established but genetic, met¬ 
abolic, biochemical, cultural, and psychosocial 
factors contribute to obesity [5, 6], The goal of 
obesity treatment is to achieve and maintain 
healthier weight and enhance quality of life. 
There is no specific strategy or medication rec¬ 
ommended for obesity on a routine basis. 
However, obesity management requires a com¬ 
prehensive approach involving diet and nutrition, 
regular physical activity and behavioral changes, 
with an emphasis on long-term weight manage¬ 
ment with pharmacological agents [7]. 

Pharmacological treatment is always seen as 
an additional tool and should always be used in 
conjunction with a weight loss program. There 
are some practical guidelines for the pharmaco¬ 
logical treatment of obesity which can be sum¬ 
marized as follows: (1) if lifestyle changes do 
not promote weight loss equivalent to 10% of 
initial body weight over 6 month then pharmaco¬ 
therapy may be considered; (2) Pharmacological 
drug treatment should be given to people with 
BMI > 30 if there are no obesity related risk fac¬ 
tors; or to people with BMI > 27 if there are risk 
factors such as hypertension; (3) pharmacologi¬ 
cal treatment is not recommended for children 
since there is not enough evidence on the effect 
at this age group; (4) failure to lose >2 kg after 
4-8 weeks of drug treatment should be consid¬ 
ered as a treatment failure and then concern 
should be given to dose management or substi¬ 
tuting different medication; (5) the occurrence of 
plateau in body weight after several months of 
treatment does not mean that the drug is ineffec¬ 
tive; (6) treatment should be maintained only if it 
is safe and effective for the patient; (7) the drug 
should be considered effective if it induces and 
maintains a loss of 5-10% of baseline body 
weight [8-12], 

The high incidence of obesity and lack of safe 
pharmaceutical agents have lead to an increase in 
antiobesity drug-related research. A useful weight 
loss drug must: (1) be orally active; (2) be tolerable 
with no or few side effects; (3) not be addictive; 


(4) be effective in producing loss of body mass 
without significant loss of lean body mass; (5) be 
cheap; (6) be long acting with known mechanism 
of action [13,14]. An optimal agent does not exist. 
A pharmacologic agent effective against treating 
obesity can either decrease availability of energy 
or increase energy output. A decrease in energy 
availability can be accomplished by decreasing 
appetite or by decreasing absorption of nutrients. 
An increase in energy output can be accomplished 
by increasing metabolic rate or thermogenesis. 
Information presented here offers an overview of 
medication used in the past that are no longer 
available, current therapies, and outlines targets for 
future drug development. 


Weight Loss Drugs: A Short History 

Thyroid extract was the first drug tried and used 
as early as 1893 [15], However, the doses 
required to produce the desired effects lead to 
hyperthyroidism, lean mass loss, osteoporosis, 
myocardial toxicity, and sudden death. Weight 
was also rapidly regained after discontinuation 
of therapy [16-18], In view of these complica¬ 
tions, the use of thyroid hormone in the treat¬ 
ment of obesity was abandoned. During the 
1920s, various laxatives were used for obesity 
treatment. They stimulated the large bowel to 
empty, which occurs only after the food and cal¬ 
ories have been absorbed via the small intestines, 
but they do not act on the small intestine. 
Prolonged use leads to electrolyte disorder, 
cramps, dehydration followed by water retention 
and bloating. The most serious consequences of 
excessive laxative use are dependency, severe 
constipation, rectal bleeding, and osteomalacia. 
In 1933, a derivative of aniline dinitrophenol that 
uncouples mitochondrial oxidative phosphoryla¬ 
tion was used alone or in combination with thy¬ 
roid hormone, and induced rapid weight loss 
accompanied by sweating and elevated body 
temperature. Severe toxicities of dinitrophenol, 
including hepatotoxicity, dermatitis, visual 
impairment, and death, led to discontinuation of 
its use [19-21]. 
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Amphetamine, which was introduced in 1937, 
rapidly replaced dinitrophenol for the treatment 
of obesity [22], Amphetamine and related drugs, 
such as methamphetamine, phenmetrazine, are 
centrally acting sympathomimetics that increase 
levels of norepinephrine, serotonin, and dopamine 
in the brain. Use of these drugs was discontinued 
because of severe addictive potential and strong 
stimulatory effects [23], The “Rainbow Pills,” 
consisting of amphetamine, thyroid hormone, 
digitalis, and a diuretic, were prescribed during 
1940s to 1960s. This drug regimen caused severe 
addiction, cardiac toxicities, and deaths in 1967 
[23-27]. An amphetamine derivative with ano¬ 
rectic property called aminorex was withdrawn 
from the European market in 1971 as it was found 
to be associated with pulmonary hypertension 
[28], Acupuncture technique, which was intro¬ 
duced for obesity treatment in 1975, had no clini¬ 
cal benefits of weight loss [29], In 1978, several 
deaths were reported with the use of very low 
calorie diets, containing collagen [30]. A few 
years later, number of drugs were developed and 
marketed to replace amphetamines as appetite 
suppressants. These anorectic drugs include 
phendimetrazine, diethylpropion, mazindol, and, 
phentermine, which produced some amphet- 
amine-like effects but with reduced stimulatory 
properties [31]. 

Fenfluramine and dexfenfluramine were used 
during 1980s and 1990s for obesity treatment. 
They enhanced the release and also inhibited the 
reuptake of neurotransmitter serotonin without 
addiction and CNS stimulant activity, promoting 
reduced appetite and weight. In 1992, an effective 
therapy began with the combination of anorectic 
serotoninergic drug fenfluramine and sympath¬ 
omimetic agent phentermine (fen-phen) [32], 
Both these drugs acted synergistically and pro¬ 
duced significant weight loss with fewer side 
effects. However, the drugs fenfluramine, 
dexfenfluramine, and the combination fen-phen 
were withdrawn from the market in September 
1997 after the reports of cardiac valvular disease 
and primary pulmonary hypertension in patients 
undergoing the treatment [33], 


Other drugs that have been used to treat 
obesity, without a specific license, include phe¬ 
nylpropanolamine (PPA) and ephedrine, the 
latter in combination with caffeine or aspirin. 
PPA is a sympathomimetic drug which acts 
as an appetite suppressant by stimulating the 
release of noradrenaline at a and |3 receptors. 
A study reported that when PPA is used as an 
antiobesity medication, it increases the risk of 
hemorrhagic stroke and is not considered safe 
for over-the-counter use. Therefore, the drug 
was removed from the US market in 2001 [34], 
Ephedrine is the most common ingredient in 
herbal dietary supplements used for weight 
loss. It stimulates sympathetic nervous system 
and elevates circulating catecholamine levels 
which in turn activates [3-1, (3-2, and, at high 
levels, |3-3 receptors in adipocytes. This results 
in increased lipolysis and thermogenesis in 
brown adipose tissue and skeletal muscle [35]. 
Thus, it can slightly suppress the appetite; how¬ 
ever, no studies have shown that it is effective 
as a weight loss agent. Moreover, ephedrine is 
also associated with number of adverse effects 
such as cardiac arrhythmias, angina pectoris, 
vasoconstriction with hypertension, and trem¬ 
ors [36]. It can also interact with many prescrip¬ 
tion and over-the-counter medications. Due to 
high incidence of abuse, in February 2004, the 
FDA officially banned the sale of ephedrine in 
USA. Caffeine, a component of coffee is a ther¬ 
mogenic agent that stimulates lipolysis, restricts 
accumulation of fats. Ephedrine is often com¬ 
bined with caffeine or aspirin to produce weight 
loss with fewer side effects. This combination 
had both anorectic and thermogenic actions, 
thereby assisting weight loss and weight main¬ 
tenance by affecting both aspects of energy bal¬ 
ance [35, 37], It was approved for sale in 
Denmark in 1990. Licensed under the trade 
name of Letigen. In 2002, the marketing license 
was suspended, after a number of reports had 
suggested a safety issue [38]. Table 14.1 repre¬ 
sents a historical tabulation of several treat¬ 
ments that have been tried along with their 
unintended consequences. 
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Table 14.1 

History of drug treatments for obesity 


Year 

Drug 

Side effects 

1893 

Thyroid extract 

Hyperthyroidism, lean mass loss, myocardial toxicity 

1920 

Laxatives 

Electrolyte imbalance, rectal bleeding, osteomalacia 

1933 

Dinitrophenol 

Liver and retinal toxicity 

1937 

Amphetamine 

Addiction 

1967 

Rainbow pills 

Addiction and cardiac toxicity 

1971 

Aminorex 

Pulmonary hypertension 

1975 

Acupuncture technique 

No clinical benefits 

1978 

Collagen-based VLCD 

Death 

1997 

Fenfluramine/dexfenfluramine 

Heart valvular insufficiency 

1997 

Fen-phen 

Cardiac valvular disease, primary pulmonary hypertension 

2000 

Phenylpropanolamine 

Hemorrhagic stroke 

2004 

Ephedrine and caffeine 

Insomnia, palpitation, nausea 


Weight Loss Drugs: Currently 
Prescribed 

Past forms of pharmacotherapy for obesity were 
generally misguided and caused unacceptable 
morbidity and mortality. Previously, the weight- 
loss drugs were not subjected to long-term stud¬ 
ies. That is, there was an underlying assumption 
that obesity can be cured. This has been proven 
wrong, and obesity is now viewed as another 
chronic disease that requires long-term treatment. 
Viewing obesity as a chronic disease necessitates 
the development of safer drugs with longer 
efficacy. This need is supported by the fact that 
many patients using traditional anti-obesity dmgs 
regain weight after initial loss. 

Keeping this in mind, the pharmacological 
treatment for obesity has undergone radical 
changes over the past few years leading to the 
development of new products and treatment 
proposals (see Table 14.2). Most of the weight- 
loss medications approved by The Food and 
Drug Administration (FDA) for short-term use, 
generally 12 weeks, are appetite suppressants. 
These include phentermine, phendimetrazine, 
benzphetamine, and diethylpropion. Of these, 
phentermine is one of the most commonly pre¬ 
scribed noradrenergic appetite suppressants in 
the USA. Generally, noradrenergic drugs produce 
a weight loss of 3-8% compared with placebo 
and may cause increased blood pressure and heart 


rate, sleeplessness, dry mouth, dizziness, head¬ 
ache, and nervousness. Phendimetrazine have 
greater abuse potential than phentermine and 
diethylpropion. 

At present, sibutramine and orlistat are the 
only weight-loss medications approved by FDA 
for long-term use in patients who are significantly 
obese. The safety and effectiveness of these 
drugs have not been established for use beyond 
2 years. 


Orlistat 

Orlistat is the hydrogenated derivative of lipstatin 
produced by the bacteria Streptococcus toxytri- 
cini [39]. It is a potent inhibitor of gastrointesti¬ 
nal pancreatic lipase, which is inactive in its 
folded state. Such enzymes catalyze the hydroly¬ 
sis of triglycerides to free fatty acids in the lumen 
of gut. Binding of the enzyme to triglycerides is 
facilitated by co-lipase in the presence of bile 
salts. Due to this interaction the active site is 
exposed. Orlistat binds irreversibly to the lipase 
active site, preventing the digestion and absorp¬ 
tion of dietary fats by approximately 30% [40]. 
The unabsorbed fat is excreted in the stool. 
Orlistat does not inhibit other intestinal enzymes 
or systemic lipases due to its very small absorp¬ 
tion [41]. The FDA approved orlistat as a pre¬ 
scription weight loss agent in 1999. In 2010, the 
FDA approved a revised label for orlistat that 
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Table 14.2 Currently used drugs for treating obesity 


Drug 

FDA approval 

Side effects 

Phentermine 

Yes; short term 

Increased blood pressure and heart rate, dizziness, headache, 
sleeplessness, nervousness 

Diethylpropion 

Yes; short term 

Same as phentermine 

Phendimetrazine 

Yes; short term 

Same as phentermine 

Sibutramine 

Yes; long term 

Increased blood pressure, dry mouth, constipation 

Orlistat 

Yes; long term 

GI effects: oily spotting, flatulence 

Orlistat OTC 

Yes; short term 

Same as orlistat 

Bupropion 

No 

Dry mouth 

Fluoxetine/sertaline 

No 

Weight regain, sleep disorder, amnesia 

Topiramate 

No 

Difficultly with memory, paresthesia 

Zonisamide 

No 

Reduction in blood pressure, kidney stones 

Metformin 

No 

Headache, diarrhea 


includes new safety information about cases of 
severe liver injury that have been reported rarely 
with the use of this medication. 

A 6 month, multicenter, dose ranging study 
was carried out at 30, 60, 120, and 240 mg of 
orlistat thrice daily in obese patients together 
with a low fat diet. Orlistat produced a dose- 
dependent significant difference in weight loss 
from 60 mg doses and reached a plateau at 
120 mg doses. Higher doses did not increase 
weight loss [42], In a 2-year clinical trial study, 
orlistat-treated subjects lost 8.76 kg of initial 
body weight compared to 5.81 kg in placebo- 
treated subjects. During the second year, subjects 
treated with orlistat 120 mg three times a day 
regained 35.2% of lost weight compared to 63.4% 
regain with placebo-treated subjects [43], 

The most common GI side effects of orlistat 
include oily and frequent bowel movements, 
bowel urgency, and flatulence with discharge; 
these side effects are usually short term and tend 
to decrease considerably after the first weeks of 
treatment [44], One study demonstrated that 
these side effects can be minimized by reducing 
fat in the diet and by using natural fiber [45], 
Orlistat causes significant reductions in total and 
low density lipoprotein cholesterol levels and in 
systolic and diastolic blood pressure [46, 47]. In 
nondiabetic obese patients, the use of orlistat 
with a calorie and fat restricted diet is associated 
with significant reduction in insulin and plasma 
glucose levels [43], Orlistat may reduce absorp¬ 
tion of some fat soluble vitamins; therefore, a 


multivitamin supplement is recommended to 
prevent nutritional deficiencies [48]. Orlistat also 
interferes with the absorption of many drugs, 
such as warfarin, cyclosporine, and levothyrox- 
ine [49-51]. It is contraindicated in patients with 
history of oxalate kidney stones and cholestasis 
[50, 52], 


Orlistat OTC 

Orlistat OTC was approved by the FDA in 
February 2007 for the treatment of obesity. The 
OTC strength is lower (60 mg, thrice daily) than 
its prescription counterpart. It blocks the fat 
absorption and promotes weight reduction. It is 
used in conjunction with a reduced-calorie diet 
and weight maintenance program to treat obe¬ 
sity in people with certain risk factors such as 
diabetes, hypertension, and high cholesterol or 
triglycerides [53], It is contraindicated in 
patients who have food absorption problems, 
have received organ transplants, and in children 
younger than 18 years of age. Other parameters 
are the same as one would observe for the 
prescription drug orlistat. 


Sibutramine 

Sibutramine is a beta-phenethylamine, initially 
developed as an antidepressant agent [54], It was 
approved by the FDA in November 1997 as a 
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weight loss agent. Sibutramine is a selective 
presynaptic reuptake inhibitor of both norephi- 
nephrine and serotonin, thereby potentiating ano¬ 
rectic effect and stimulating thermogenesis [55], 
In contrast to fenfluramine and dexfenfluramine, 
it does not stimulate the release of norephineph- 
rine and serotonin; so the risk of pulmonary 
hypertension or cardiac valvular abnormalities is 
negligible [56]. Sibutramine is well absorbed in 
the GIT and reaches peak plasma level in the first 
two hours of treatment. It is metabolized in the 
liver by cytochrome P450 and produces an active 
metabolite with a long half-life [57]. 

A double-blind, randomized, placebo-con¬ 
trolled trial of sibutramine has demonstrated a 
significant dose-dependent effect on body weight 
in obese patients, with doses of 10, 15, 20, and 
30 mg being more effective than placebo. This 
study suggested that sibutramine is a valuable 
drug for obesity treatment at a recommended 
dosage of 10-20 mg/day [58], In a number of 
studies lasting up to 1 year, weight loss with a 
hypocaloric diet and 10-20 mg/d ranged from 
4.7% to 7.3% of initial body weight [59-63], 
Consistent noradrenergic side effects of the 
drag include a 1-3 mm Hg increase in diastolic 
blood pressure, a 0.3-3 mm Hg increase in systolic 
blood pressure, and a 2-5 beat/min increase in 
resting heart rate [62], Other side effects include 
headache, dry mouth, insomnia, and constipation. 
One study found that frequency of these adverse 
effects could be reduced if sibutramine was given 
intermittently, 12 weeks of active drug alternated 
wtih 7 weeks of placebo over 44-week period [62] . 
Weight loss with sibutramine produced a decrease 
in fasting triglycerides and low-density lipoprotein 
cholesterol and an increase in high-density lipo¬ 
protein cholesterol [60], Sibutramine is contrain¬ 
dicated in patients with history of seizure, 
cholestasis, glaucoma, and eating disorders. The 
drug should be used with caution in patients receiv¬ 
ing monoamine oxidase or other serotonergic 
agents due to the risk of serotonin syndrome [64], 
Some of the drugs from the antiepileptic, 
antidiabetic, and antidepressant categories are 
not approved by the FDA for the treatment of 
obesity, but they have been shown to promote 
short-term weight loss in clinical studies and are 
currently prescribed off-label. 


Bupropion 

Bupropion is currently used as an antidepressant 
and smoking cessation aid [65]. It acts by 
inhibiting the reuptake of the neurotransmitters 
dopamine and norepinephrine. In a double-blind, 
placebo-controlled trial, it was found that bupro¬ 
pion SR 300 and 400 mg/day were well tolerated 
by obese adults and were associated with a 
24-week weight losses of 7.2% and 10.1%, 
respectively, and sustained weight losses at 
48 weeks [66]. A recent meta-analysis confirmed 
the efficacy of bupropion given at 400 mg/day for 
treating obesity. Results demonstrated that weight 
loss in the bupropion group (4.4 kg) was 
significantly greater than in the placebo group 
(1.7 kg) [67]. The most common side effect asso¬ 
ciated with the drug is dry mouth. Bupropion is 
contraindicated in patients with a history of buli¬ 
mia, anorexia, or seizure [65]. Combinations of 
bupropion with other agents are currently being 
studied for treatment of obesity. 


Fluoxetine and Sertaline 

Both fluoxetine and sertaline are selective sero¬ 
tonin reuptake inhibitors (SSRIs) that are 
approved for use as antidepressants, but not for 
obesity treatment [68, 69]. Unlike fenfluramine, 
fluoxetine is an effective anorectic agent that 
promotes weight loss in obese patient without 
producing pulmonary hypertension or cardiac 
valvular abnormalities [70]. In a short term, 
double blind, placebo controlled study fluoxetine 
(60 mg/day) produced a weight loss of 0.23 kg/ 
week more than placebo [71]. A study in which 
sertaline was used as a weight loss agent showed 
no significant difference between the experi¬ 
mental and placebo groups [72], Both fluoxetine 
and sertaline have a weak and non-sustained 
weight-reducing effect when given at doses 
higher than those normally used in the treatment 
of depression [70]. The principle problem with 
fluoxetine as an antiobesity agent is weight 
regain, as observed in long-term clinical trials 
[70, 73]. SSRIs are not effective as antiobesity 
agents, although they may be useful for depressed 
obese patients 
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Topiramate 

Topiramate is an antiepileptic drag associated 
with weight loss. It is a GABA agonist and glu- 
tamenergic antagonist. Its appetite suppressant 
property might be due to its antagonistic effect 
on glutamate [65], A short-term, randomized, 
double-blind, placebo-controlled, dose-ranging 
trial suggested that topiramate produced 
significantly greater weight loss than placebo at 
all doses (ranging from 64 to 384 mg/day). The 
two lower doses (64 mg/day and 96 mg/day) 
produced similar weight loss, which was less 
than that produced by the two higher doses 
(192 mg/day and 384 mg/day). The two lower 
doses were better tolerated by the subjects than 
the higher doses [74], Therefore, lower doses 
were found to be more clinically effective in 
producing weight loss and require further clini¬ 
cal evaluation for the long-term treatment of 
obesity. The most frequent adverse events were 
related to the central or peripheral nervous 
system, including paresthesia, somnolence, and 
difficulty with memory, concentration, and atten¬ 
tion. Weight loss with topiramate produced 
reductions in blood pressure and modest changes 
in total cholesterol, low density lipoprotein, and 
triglycerides [74], As a result of these unfavor¬ 
able effects, phase III clinical trials were discon¬ 
tinued [65]; however, topiramate is now being 
developed in combination with other agents for 
obesity treatment. 

Zonisamide 

Zonisamide is marketed as an antiepileptic drag 
[75], In short-term clinical trials in epileptic 
patients the drag caused weight loss, which 
was an adverse side effect. Based on this zonis¬ 
amide could be one of the therapeutic drags for 
obesity treatment. It has both serotonergic and 
dopaminergic activity, responsible for its anorec¬ 
tic effects. In a 16-week, randomized, double¬ 
blind, placebo-controlled trial, the mean weight 
observed for the zonisamide-treated group 
changed from 97.2 kg at baseline to 90.9 kg, and 
for the placebo-treated group, the corresponding 


change was 97.6-96.5 kg [76]. Thus, in this 
short-term preliminary trial, zonisamide and 
hypocaloric diet resulted in more weight loss 
than placebo. In addition to this, there was a 
significant reduction waist circumference with 
zonisamide compared with placebo. The drag 
was tolerated well, with a few adverse effects 
such as somnolence, psychomotor slowing, cog¬ 
nitive impairment, and fatigue and depression 
[77], Further studies are warranted in order to 
recommend zonisamide as an antiobesity drag. 

Metformin 

Metformin is an antidiabetic drag, but several 
studies have shown that it also helps in weight 
reduction in nondiabetics patients [78-80]. It acts 
either by reducing gastrointestinal absorption of 
carbohydrates and fats or by inducing anorectic 
and lipolytic effect. Clinical trial studies provided 
evidence that metformin has a beneficial effect on 
obesity in children and adolescent patients 
[81-83]. These studies have also shown positive 
effects on waist circumference, fasting insulin and 
glucose levels, and triglycerides. Metformin also 
promotes weight loss in obese patients with non- 
insulin-dependent diabetes mellitus (NIDDM) 
[84], It is not recommended in patients with kid¬ 
ney or heart failure or any medical condition that 
could make blood acidic. Gastrointestinal effects 
were the most frequently reported adverse effects 
[82, 83], Long-term, large-scale, randomized, 
placebo-controlled clinical trials are still required 
to firmly establish the role of metformin as a 
weight loss agent. 

Over-the-Counter T reatments 

Many over the counter are also used for obesity 
treatment including diet pills and combination of 
herbals and vitamins. Herbal preparations are not 
recommended as part of a weight loss program as 
these preparations have unpredictable amounts of 
active ingredients and potentially harmful effects. 
Many obese people use dietary supplements for 
a weight loss. To date, there is little clinical 
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evidence to support their use. More data are 
necessary to determine the efficacy and safety of 
these supplements. 

Conjugated Linoleic Acid 

Conjugated linoleic acid (CLA) is formed in the 
first biohydrogenation step of linoleic acid by 
the action of linoleic acid isomerase of the bac¬ 
terium Butyrivibrio fibrisolvens. It reduces fat 
deposition, possibly by increasing fat oxidation 
and decreasing triglyceride uptake in adipose 
tissue. Several randomized, double-blind, clini¬ 
cal trials showed that CLA reduces body fat 
mass in overweight and moderately obese, 
healthy volunteers. The reduction of body fat 
mass within the groups was significant for the 
3.4 and 6.8 g CLA group [85-88], The data also 
suggested that CLA may reduce body fat mass 
in humans and that no additional effect is 
achieved with doses >3.4 g CLA/day. However, 
adverse GI effects are frequent. Further clinical 
studies are still required to confirm the optimal 
dose and duration of treatment of CLA as anti¬ 
obesity agent. 

Chitosan 

Chitosan is a dietary fiber derived from chitin, a 
starch found in the skeleton of shellfish [89], 
Chitosan is a nonabsorbable polymer; therefore, 
it passes through the intestinal tract without 
adding any calories. It binds with intestinal tria- 
cylglycerol or its hydrolysis products and removes 
the fat from the body. A randomized, double¬ 
blind, placebo-controlled trial by Pittler et al. [90] 
has shown that chitosan treatment did not result 
in significant weight loss over placebo. However, 
recent studies demonstrated that chitosan is well 
tolerated and may be useful as a weight loss agent 
with minor gastrointestinal side effects [91-93], 
Further clinical studies are still required to rec¬ 
ommend it for weight loss. 

Yerba Mate 

Like caffeine, yerba mate is also a strong central 
nervous stimulant. To date, it has not been proven 
as weight loss agent. The most frequent side 
effect include excessive stimulation and high 
blood pressure [94, 95], 


Guar Gum 

Guar gum is a dietary fiber obtained from the 
Indian cluster bean Cyamopsis tetragonolobus. It 
is commonly used in small amounts as a thicken¬ 
ing agent for foods and medications. It decreases 
appetite by providing a “feeling of fullness.” 
However, guar gum causes obstruction of the 
esophagus. Research studies show that it has no 
significant effect on weight loss [96], 

Dandelion 

Dandelion ( Taraxacum officinale ) is a natural 
diuretic. Taraxacum officinalle exhibits strong 
inhibitory activity against pancreatic lipase in vitro 
and in vivo, thereby inhibiting fat absorption [97]. 
Studies need to be carried out to identify and eluci¬ 
date the active component of T. officinalle respon¬ 
sible for its pancreatic lipase inhibitory activity. 

Garcinia 

Garcinia is a fruit containing hydroxycitric acid. 
Hydroxycitric acid inhibits the mitochondrial 
enzyme citrate lyase, involved in the fatty acid 
synthesis. Randomized clinical trials have shown 
that garcinia is effective as a weight loss agent 
[98-100]. However, the methodology used was 
poor, and so long-term clinical trials are required 
to ascertain the role of garcinia as a weight loss 
agent. 

Glucomannan 

Glucomannan is derived from the roots of 
Amorphophallus konjac. It contributes to weight 
loss by delaying the absorption of glucose from 
the intestines. It is effective in producing modest 
weight loss by providing a “feeling of fullness.” 
However, esophageal obstruction has been 
reported in people taking glucomannan [101]. 

Chromium 

Chromium plays an important role in carbohy¬ 
drate and lipid metabolism, potentially influencing 
body composition, including reducing fat mass 
and increasing lean body mass. Because the sup¬ 
plement is absorbed better than dietary chromium, 
most studies have focused on the use of chromium 
picolinate as weight loss agent [102], However, 
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random clinical trials have not shown any differ¬ 
ences in weight loss between the treatment and 
placebo groups [103]. Because of the lack of 
large, long-term, well-designed studies, the 
efficacy and safety of chromium picolinate as a 
weight loss medication remains uncertain. 

Green Tea 

Green tea is a “non-fermented” tea that contains 
catechins. Catechins are strong antioxidants. The 
cathechins in green tea increase fat oxidation and 
thermogenesis [104], Recent human studies sug¬ 
gested that green tea promotes weight reduction. 
While all the evidence from research is promis¬ 
ing, future studies are necessary to fully under¬ 
stand the role of green tea in obesity [105], 
Harmful effects of overconsumption of green tea 
can cause oxidative DNA damage of pancreas and 
liver [106], 

Pyruvate 

Pyruvate is formed in the body during digestion 
of carbohydrates and protein from food. 
According to some clinical studies, pyruvate 
effectively promotes weight loss. It is generally 
well tolerated with minimal gastrointestinal 
adverse effects [107, 108], However, studies are 
still required to prove the role of pyruvate as a 
weight loss agent. 


Weight Loss Drugs: New Approaches 

The maximum weight loss achieved by currently 
available pharmacological drugs for treating obe¬ 
sity varies with individuals but appears to be not 
more than 10% of initial body weight when 
combined with dietary, behavioral, and exercise 
therapy. Once this threshold is achieved physio¬ 
logical mechanism in the body cause a progres¬ 
sive increase in appetite and decrease in energy 
expenditure. These regulatory responses prevent 
further weight loss and make maintenance of 
achieved weight loss difficult. Although this 
degree of weight loss may have a beneficial 
effect, there is need for more effective and better 
tolerated antiobesity drugs. 

The shortcomings of available therapies have 
led to massive interest in finding new and innova¬ 


tive strategies for treating obesity. Our growing 
knowledge of peripheral signals and CNS path¬ 
ways involved in the control and regulation of 
body adiposity have resulted in the development 
of a large number of new targets, some of which 
have yielded promising data in clinical trials for 
weight loss. The peptide therapy for obesity has 
become better validated in recent studies, and this 
may allow more rapid exploitation of novel tar¬ 
gets. In addition to this, several new drugs are in 
the pipeline for approval or are in the research and 
developmental stage. Many medications approved 
for other conditions are now being studied for 
their use in obesity management. 

Drugs Affecting Peripheral Mechanisms 
Cetilistat 

Cetilistat (ATL-962) is a novel gastrointestinal 
lipase inhibitor under development. In a phase II, 
randomized, double-blinded, clinical trial study, 
the drug showed significant weight loss of 4.1 kg 
compared to 2.4 kg with placebo [109]. Moreover, 
it has also shown a significant reduction in total 
serum and low-density lipoprotein cholesterol 
levels. Cetilistat is generally well tolerated with 
fewer GI side effects and has been shown to have 
a weight loss profile similar to orlistat [110], It 
has also shown increase in dietary fat excretion in 
healthy human volunteers. Currently, the drug is 
undergoing phase III clinical trial. 

Fatostatin 

Fatostatin, presently in early-stage research, 
inhibits sterol regulatory element-binding 
proteins (SREBPs) activation. SREBPs are tran¬ 
scription factors involved in the regulation of 
genes required for cholesterol and fatty acid 
synthesis. Pharmacological studies with fatostatin 
show that it promotes reduction of bodyweight, 
hepatic fat accumulation, and blood glucose in 
ob/ob mice [111]. However, these results are very 
preliminary and further studies are warranted. 

Beta-3-Adrenoceptor Agonists 

|33-adrenoreceptors are highly expressed in 
adipose tissue and skeletal muscle, playing an 
important role in the regulation of energy balance 
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and glucose homeostasis. Activation of 03- 
adrenoreceptors stimulates lipolysis and thermo- 
genesis in white and brown adipose tissue [112], 
The 03-adrenoceptor agonist CL.316243 increases 
fat oxidation and decreases carbohydrate oxida¬ 
tion in humans [113]. A double-blind, random¬ 
ized, placebo-controlled, clinical study revealed 
that a new, potent, and highly selective 03-adre¬ 
noceptor agonist TAK-677 has no effect on fat 
oxidation and, at high doses, produced a slight 
increase in thermogenesis coupled with an 
increase in heart rate [114], The study also found 
large variabilities in plasma concentrations of 
tak-677 in subjects, indicating some possible 
problems with bioavailability and therefore 
efficacy. To date, no 03-adrenoceptor agoinst has 
progressed beyond phase II clinical trials. Thus, 
the role of 03-adrenoreceptors agonists in the 
treatment of obesity remains unclear, and further 
studies are still needed to assess their potential 
clinical efficacy. 


Drugs Affecting Central Mechanism 
Tesofensine 

Tesofensine, developed by neurosearch, is a 
novel pharmacological agent, that inhibits the 
presynaptic reuptake of the neurotransmitters 
noradrenaline, dopamine, and serotonin. Phase II 
clinical trials in obese subjects revealed that the 
tesofensine group lost 6.7-12.8 kg of initial body 
weight compared with a 2.2-kg loss in the pla¬ 
cebo group [115], It has also shown dose-related 
reductions in body weight, body fat, and waist 
circumference as well as improvements in other 
obesity-related endocrine factors. Side effects such 
as nausea, dry mouth, mood disturbance, and 
insomnia were reported with the drug treatment. 
Currently, the drug is under phase III trials to 
study and carefully monitor the above-mentioned 
adverse effects. 

Bupropion-Naltrexone (Contrave) 

Contrave is a combination of bupropion, a dop¬ 
amine and noradrenaline reuptake inhibitor, 
and naltrexone, an opioid antagonist. These two 
agents are reported to act synergistically by 


stimulating central melanocortin pathways, 
resulting in increased energy expenditure and 
reduced appetite. Individually, both the drugs 
have been shown to reduce appetite and body- 
weight in humans [116], Recently phase III clini¬ 
cal trials with contrive revealed loss of 9.2-11.4 kg 
of initial body weight compared with 7.3 kg loss 
in the placebo group [117], Nausea, Headache, 
constipation, dizziness, vomiting, and dry mouth 
were the most frequent adverse events reported 
with the use of contrave. 

Phentermine-Topiramate (Qnexa) 

Qnexa, developed by vivus pharmaceutical, 
combines immediate-release phentermine and 
controlled-release topiramate for long-term obe¬ 
sity management. Phentermine is an appetite sup¬ 
pressant used for weight loss, whereas topiramate 
is a GABA agonist and glutamenergic antagonist 
approved for the treatment of seizures and 
migraines. The dose-ranging study demonstrated 
that topiramate promotes weight loss in a dose- 
dependent manner [74]. The phase III clinical trial 
study shows that subjects taking full-dose and 
mid-dose of qnexa achieved an average weight 
loss of 9.2% and 8.5%, respectively, as compared 
with 1.7% for the placebo group [Vivus inc]. 1 Side 
effects include paraesthesia, dry mouth, altered 
taste, increased heart rate, possible birth defects, 
and psychiatric problems (depression, suicidal 
thoughts, impaired memory, and concentration). 
In July 2010, an FDA advisory committee agreed 
that the phentermine/topiramate combination was 
effective in reducing weight; however, the com¬ 
mittee refused to approve a recommendation for 
the obesity treatment due to safety concerns. 

Bupropion-Zonisamide (Empatic) 

Empatic is a combination of long-acting bupro¬ 
pion (antidepressant) and long-acting zonisamide 
(antiepileptic). It has already been shown that 
taken individually these drugs promote weight 


'VIVUS announces positive results from two phase 3 
studies; Obese patients on Qnexa achieve average weight 
loss up to 14.7% and significant improvements in comor¬ 
bidities. Results of EQUIP and CONQUER phase 3 stud¬ 
ies exceed FDA benchmarks for obesity treatments, 
demonstrate positive safety profile. September 2009. 
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loss. In a preliminary, randomized, open-label 
study the combinatorial therapy of empatic 
resulted in greater weight loss (8.1 kg) than with 
zonisamide alone (3.0 kg) in obese women [77], 
Nausea, headache, and insomnia are the most fre¬ 
quent side effects associated with combined ther¬ 
apy. Currently, the drug is under phase III clinical 
trial to evaluate the efficacy and safety of the 
combination. 

Lorcaserin 

We know that different serotonin receptors are 
responsible for different effects. The 5-HT2C 
receptor is responsible for many physiological 
functions including mood anxiety and feeding 
behavior. These receptors are widely distributed 
throughout the CNS. It has been suggested that 
targeting the specific 5-HT2C receptor can help 
the patient lose weight effectively in a safe man¬ 
ner [118]. Lorcaserin (Arena Pharmaceuticals) is 
a selective serotonin 2 C receptor agonist having 
potential to treat obesity with a safer side effect 
profile. It has been shown to produce dose- 
dependent reduction in food intake and body 
weight in rats when administered chronically 
[119]. In phase III clinical study known as 
Behavioral Modification and Lorcaserin for over¬ 
weight and Obesity Management (BLOOM), the 
obese or overweight patients were randomized to 
lorcaserin 10 mg twice daily or placebo for 
52 weeks [120], All patients also underwent diet 
and exercise counseling. At 1 year, individuals 
treated with lorcaserin lost 5.8 kg compared with 
2.2 kg lost in the placebo-treated patients. At 
week 52, patients in the placebo group continued 
to receive placebo but patients in the lorcaserin 
group were randomly reassigned to receive either 
placebo or lorcaserin. Primary outcomes were 
weight loss at 1 year and maintenance of weight 
loss at 2 years. The most frequently reported side 
effects with drug were headache, dizziness, and 
nausea. Regarding the more serious concern of 
cardiac valvulopathy, the BLOOM investigators 
reported that at 1 year FDA-defined valvulopathy 
developed in 2.3% of patients in the placebo and 
2.7% of patients in the lorcaserin group. At 2 
years, the rates were similar. The Behavioral 


Modification and Lorcaserin Second Study for 
Obesity Management (BLOSSOM) trial showed 
that lorcaserin did not increase the risk of cardiac 
valvulopathy or worsen valve problems, includ¬ 
ing in some patients with preexisting mild to 
greater aortic or mitral regurgitation [120], Thus, 
from the recent data lorcaserin was found to be 
safe and effective in reducing weight as com¬ 
pared with placebo, but the FDA denied its 
approval for use as an antiobesity agent due to 
safety concerns. 


Endocannabinoid Receptor Blockers 
(Rimonabant, Taranabant) 

Rimonabant 

Rimonabant, developed by Sanofi-Aventis, is a 
selective endocannabinoid receptor-1 (CB1) 
antagonist indicated for the treatment of obesity. 
It acts centrally on the brain, thus decreasing 
appetite by blocking the “munchie receptor” that 
stimulates hunger. It may also act peripherally 
by increasing thermogenesis and thereby increas¬ 
ing energy expenditure [121, 122], In a 1 year 
randomized, double-blind, clinical trial with 
doses of 5 or 20 mg, rimonabant was found to 
produce significant reduction in weight and 
waist circumference as well as improved lipid 
and glycemic profiles compared with placebo 

[123] . Generally, the drug was well tolerated 
with mild and transient side effects such as nau¬ 
sea, dizziness, diarrhea, and insomnia [124]. In 
February 2006, the FDA issued an approvable 
letter for rimonabant for obesity treatment. The 
European commission also approved the sale of 
rimonabant in Europe for the treatment of obe¬ 
sity as an adjunct to diet and exercise in July 
2006. However, in 2007 the FDA’s Endocrine 
and Metabolic Drugs Advisory Committee 
(EMDAC) voted against recommending rimona¬ 
bant for obesity treatment since Sanofi-Aventis 
failed to demonstrate the safety of the drug 

[124] , In October 2008 European Medicines 
Agency recommended the suspension of the sale 
of rimonabant in UK due to the risk of serious 
psychiatric problems and even suicide. Presently, 
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the drug is under phase III clinical trial in the 
USA and the UK to evaluate the safety of the 
drug. Results from the phase III trial suggested 
that rimonabant was effective in reducing 
weight; however, it indicated an increased risk 
of suicide and other psychiatric and neurologi¬ 
cal effects in patients [125]. 

Taranabant 

The CB1 receptor inverse agonist Taranabant has 
been evaluated for the treatment of obesity. 
Taranabant promotes weight loss by reducing 
appetite and increasing energy expenditure. A 
12-week study with the drug demonstrated a 
significant weight loss in obese subjects com¬ 
pared to placebo. Incidence of side effects with 
taranabant treatment increases with increasing 
dose, including mild to moderate GIT and psy¬ 
chiatric effects [126]. A clinical trial, low dose 
study demonstrated that taranabant produces 
weight loss in a dose-dependent fashion. Mean 
weight loss achieved after 1 year of drug treat¬ 
ment was 5.0 kg (0.5 mg dose), 5.2 kg (1 mg 
dose), and 6.4 kg (2 mg dose) compared to 1.4 kg 
for placebo [127]. Recently, a study using higher 
doses of taranabant (2, 4, and 6 mg) found the 
drug to be effective in achieving clinically 
significant weight loss at 1 year of treatment; this 
weight loss persisted to 2 years but was found to 
be associated with dose-related increase in 
adverse events particularly serious psychiatric 
disorders [128], On the basis of these clinical tri¬ 
als, the overall safety and efficacy profile of 
taranabant did not support its further develop¬ 
ment in the treatment of obesity [128, 129], 


Gut Hormones 
Leptin 

Leptin is a protein secreted by fat cells and the 
circulating concentrations of leptin are directly 
proportional to the total amount of body fat or 
adipose tissue. Leptin deficiency is associated 
with severe obesity in rodents and humans [130], 
Leptin has a number of actions that result in the 
inhibition of food intake: (a) it works by inhibiting 


the activity of neuropeptide Y (NPY) and agouti- 
related peptide (AgRP), which stimulates appe¬ 
tite; (b) it enhances the effect of alpha-melanocyte 
stimulating hormone (a-MSH), which is an 
appetite suppressant; (c) it raises the body tem¬ 
perature, resulting in greater caloric reduction 
[131-134], Subcutaneous daily injections of 
recombinant leptin along with a weight reduc¬ 
tion diet led to a mean weight loss of 15 pounds 
in comparison to 3.75 pounds with placebo in a 
24-week treatment period. More than 95% of the 
lost weight was from body fat [135]. Additional 
human studies are required to determine the 
therapeutic potential of leptin and its analogue 
for the obesity treatment. Leptin treatment was 
considered as the cure for obesity, but it failed to 
achieve the expected results as patients became 
resistant to the hormone and regained the lost 
weight [136], Recently, it was discovered that 
pretreating mice with Buphenyl (4-PBA) and 
Tauroursodeoxycholic acid (TUDCA) increases 
leptin sensitivity by almost tenfold, and the mice 
showed a significant weight loss even when 
fed with a high-fat diet [137]. If this effect can 
be reproduced in humans, then it could provide 
an effective treatment for obesity. Large and 
frequent doses of leptin provide only moderate 
weight loss because of its short circulating 
half-life, low potency, and poor solubility 
[138]. Furthermore, high levels of leptin are 
inflammatory and studies have shown that exces¬ 
sive inflammation can lead to heart disease, 
diabetes, and many other chronic diseases [139]. 
Currently, leptin is under phase III clinical trials 
to check the availability of leptin analogues that 
are more soluble with longer serum half-life. 
A form of leptin, Fc-leptin, is highly soluble, 
more biologically potent, and possesses a much 
longer serum half-life. Fc-leptin was found to 
treat obesity in both leptin-deficient and normal 
mice, although studies have not been undertaken 
on human subjects [138]. Thus, Fc-leptin could 
be a potential treatment for obesity in humans 
after more extensive research. Although the lat¬ 
est results are promising, more studies are 
needed to completely understand leptin’s role in 
weight loss. 
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Amylin Analogues 
(Pramlintide, Davalintide) 

Pramlintide 

Pramlintide (Amylin Pharmaceuticals) is a syn¬ 
thetic, stable, subcutaneously delivered analogue 
of the hormone amylin, which is secreted by the 
pancreas in response to eating. Amylin poten¬ 
tially inhibits glucagon release and slows gastric 
emptying. Pramlintide is already licensed in the 
USA to be used along with insulin for the treat¬ 
ment of both type 1 and type 2 diabetes. 
Pramlintide seems to mediate its anorectic effects 
by delaying GIT motility [140,141], Ina 16-week, 
phase II, randomized, placebo-controlled dose 
escalation trial, pramlintide (240 pg) demon¬ 
strated 3.7% mean weight loss when given as a 
subcutaneous (SC) injection compared to placebo 

[142] , These results supported continued evalua¬ 
tion of pramlintide as a potential treatment for 
obesity. Pramlintide treatment achieved greater 
weight loss and enhanced long-term maintenance 
of weight loss, when used over 12 months as an 
adjunct to lifestyle intervention in obese subject 

[143] , Recently, preliminary trials have assessed 
modest weight loss in obese patients without dia¬ 
betes and demonstrated a weight loss of up to 
8 kg after 1 year with the use of pramlintide. 
Nausea was the most common adverse event 

[144] , However, current trials are limited; wider- 
scale clinical testing of the drug is anticipated. 

Davalintide 

Another amylin analogue, davalintide, induced 
dose-dependent weight loss up to 8 weeks and 
maintained metabolic rate during active weight 
loss [145]. Currently, the drug has entered phase 
II clinical trials to study its safety, tolerability, 
and efficacy as an antiobesity agent. 

Pramlintide-Metreleptin 

Recently, Amylin Pharmaceuticals has developed 
a combination treatment containing pramlintide 
and metreleptin (recombinant human leptin ago- 
inst) following the observation that concurrent 
peripheral administration of amylin and leptin 
elicits synergistic weight loss in leptin-resistant, 
diet-induced obese rats [146], In a phase II clinical 


trial study, pramlintide-metreleptin combination 
treatment led to significantly more weight loss 
(11.5 kg) from baseline as compared to metrelep¬ 
tin (7.4 kg) and pramlintide (7.9 kg) alone [147]. 
The most common adverse effects were injection 
site events and nausea. Collectively, these findings 
support further development of pramlintide/ 
metreleptin as a novel, integrated, neurohormonal 
approach to obesity pharmacotherapy. 


Glucagon-Like Peptide-1 Analogues 
(Exenatide, Liraglutide) 

Exenatide 

Glucagon-like peptide-1 (GLP-1), a gut peptide, 
decreases glucagon secretion from the pancreas, 
increases beta cell mass, and increases insulin 
secretion in a glucose-dependent manner. It also 
reduces gastric emptying rate, thereby increasing 
satiety, decreasing hunger, and reducing 
food intake with an ensuing weight loss in 
both lean and overweight humans [148, 149]. 
Exenatide (synthetic exendin-4) is a long-acting 
GLP-1 receptor agonist, developed by Amylin 
Pharmaceuticals in conjunction with Eli Lilly. It 
has already been approved for the treatment of 
type 2 diabetes. Several studies show that 
exenatide not only lowers blood sugar but also 
results in weight loss in people with type 2 diabe¬ 
tes [150,151]. Exenatide in conjunction with diet 
and exercise decreased calorie intake and resulted 
in weight loss of 5.06 kg as compared to loss of 
1.61 kg in the placebo group in nondiabetic 
patients. Only exenatide-treated subjects (9.6%) 
lost more than 10% of their body weight [152], 
The most common side effects include mild to 
moderate nausea and diarrhea in some patients, 
especially when therapy is initiated; these effects 
are mitigated with continued use. Cases of acute 
pancreatitis have been reported in patients taking 
exenatide. Currently, the drug is administered 
subcutaneously twice daily; once-a-week injec¬ 
tion is in late stage clinical trials [153], 

Liraglutide 

Liraglutide is a recently introduced another GLP-1 
analogue, 97% identical to native GLP-1. It has 
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been approved in Europe for the treatment of type 
2 diabetes [151] and is under evaluation in the 
USA by the FDA. Like exenatide, it also increases 
the secretion of leptin, resulting in suppressed 
appetite, energy intake, and a delay in gastric 
emptying. It is also associated with improved gly- 
cemic control and a weight loss profile similar to 
exenatide [151,154], A High-dose study with lira- 
glutide revealed a weight loss of 5.5-6.0 kg com¬ 
pared to placebo and a total of 75% of subjects 
receiving high-dose liraglutide lost more than 5% 
of their body weight, whereas 35% lost over 10% 
[155], Side effects, including nausea, were compa¬ 
rable to those seen with exenatide use. There was 
no increased incidence of pancreatitis in trial par¬ 
ticipants. However, a slightly increased incidence 
of medullary thyroid tumors has been reported in 
two nonhuman species in clinical trials. 

Recently, preclinical studies have shown that a 
novel peptide agonist of glucagon and GLP-1 
receptors produces substantial amount of body 
fat reduction with fewer adverse effects [156], 
This peptide based therapy might be a potential 
breakthrough in the treatment of obesity. Clinical 
trials need to be carried out to test the peptide’s 
efficacy in human subjects. 

Oxyntomodulin 

Oxyntomodulin (OXM), secreted by intestinal 
L-cells, is released in proportion to calories 
ingested. It is known to inhibit gastric secretion, 
gastric emptying, and pancreatic exocrine secre¬ 
tion [157], OXM also inhibits food intake and 
reduces bodyweight in rodents [158, 159], 
Coadministration of a GLP-1 antagonist blocks 
the anorectic effect of OXM. Intravenous infu¬ 
sion in lean human volunteers reduces appetite 
without increasing nausea or affecting food 
palatability [160], In a 4-week, double-blind, ran¬ 
domized, controlled trial in overweight and obese 
OXM administration resulted in a 2.3-kg weight 
loss compared with 0.5-kg weight reduction in 
placebo-treated controls [161]. Subsequently, it 
was shown that thrice daily subcutaneous admin¬ 
istration of oxyntomodulin in obese volunteers 
induced a 26% rise in energy expenditure over 
4 days, in addition to a reduced food intake [ 1 62] . 
In detail, long-term clinical trials are required to 


predict whether OXM administered in this way 
would achieve desired weight loss or meet other 
criteria for regulatory approval. 

Cholecystokinin 

Cholecystokinin (CCK) is widely distributed in 
the gut, secreted mainly by entero-endocrine 
I cells in the small intestine. It is released rapidly 
postprandially in response to fat and protein 
[163]. Its actions include: inhibition of food 
intake, delayed gastric emptying, stimulation of 
pancreatic enzyme secretion, and stimulation 
of gall bladder contraction. These effects are 
mediated via binding to CCK receptors on the 
vagus nerve [164], Intravenous infusion of CCK 
decreases food consumption by reducing meal 
size and duration in rats and human; this effect is 
similar for lean and obese subjects. CCK admin¬ 
istration to humans and animals inhibits food 
intake by reducing meal size and duration 
[165-166]. In rodents, continuous intraperitoneal 
infusion produces rapid and reversible tolerance 
after 24 h [168], Recent studies suggested that 
daily CCK injections produces synergistic weight 
loss effect in rats in combination with leptin 
[169,170], possibly by increasing the rate of lep¬ 
tin transport across the blood-brain barrier. 
Further studies are required to investigate whether 
coadministration with leptin or other hormones 
increases the effect of CCK receptor agonists in 
the treatment of human obesity. Recently, nausea 
and taste aversion have been detected with CCK 
treatment at high doses, making it unlikely candi¬ 
date for an antiobesity treatment [171] 

Ghrelin 

Ghrelin is a peptide hormone principally secreted 
by cells in oxyntic gland of stomach [172], It 
stimulates appetite as well as regulates energy 
homeostasis following central and systemic 
administration. A posttranslational octanoylation 
of ghrelin’s third serine residue by the enzyme 
ghrelin-O-acyltransferase (GOAT) is essential 
for its receptor binding [173]. Ghrelin exerts its 
action by binding specifically to receptors in the 
arcuate nucleus that include the orexigenic neu¬ 
ropeptide Y (NPY) neurons and agouti-related 
protein (AgRP) [174]. Ablation of the ARC 
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eliminates ghrelin’s orexigenic effects [175], 
Plasma ghrelin levels rise prior to meals, ulti¬ 
mately acting as a meal initiator, and fall imme¬ 
diately after a meal [176, 177]. In general, 
plasma ghrelin levels are inversely related with 
bodyweight [178-180], Chronic administration 
of ghrelin potentially increases food intake and 
leads to weight gain in rats and healthy lean 
humans [181, 182], Similarly, subchronic admin¬ 
istration of ghrelin agonists BIM-28125 or BIM- 
28131 resulted in increased food consumption 
and body weight [183], These data suggest that 
suppression of ghrelin action could be an effec¬ 
tive target for treatment of obesity. This could be 
achieved by developing GHS-R1 a (ghrelin recep¬ 
tor) antagonists. The selective ghrelin receptor 
antagonist BIM-28163 unexpectedly leads to an 
increase in food intake and bodyweight in vivo 

[184] , NOX-B11, a spiegelmers, stable 
L-enantiomer RNA-based aptamers, is highly 
specific bioactive, n-octanoylated form of ghrelin 
which efficiently suppresses ghrelin-induced 
growth hormone release and food intake in rats 

[185] , The related NOX-B11-2 also promotes 
weight loss when administered chronically to 
diet-induced obese mice [186, 187]. Although 
the current results are promising, further clinical 
studies are still required to establish NOX-B11 as 
a weight loss agent in obese human. Recently, 
Pfizer has been granted license to take forward 
development of NOX-B 11. Ghrelin may be 
implicated in at least a part of the effectiveness of 
the Roux-en-Y gastric bypass. It has been sug¬ 
gested that this particular procedure is also asso¬ 
ciated with a substantial decrease in the levels of 
circulating ghrelin, but this conclusion remains 
controversial [188]. 

Melanin-Concentrating Hormone 
Antagonists 

Melanin-concentrating hormone (MCH) is a 
potent orexigenic neuropeptide produced by 
neurons of the lateral hypothalamic area (LHA) 
[189]. Mice in which the MCH gene has been 
ablated are hypophagic and lean [190], Chronic 
infusion of MCH significantly increases food 
intake, body weight, white adipose tissue (WAT) 
mass, and liver mass in mice on a moderately 


high-fat diet [191]. This suggested that overex¬ 
pression of MCH might result in obesity [192], 
Two receptors for MCH have been identified: 
MCH1-R and MCH2-R [193], MCH1R receptor 
in mice plays an important role in regulation of 
energy homeostasis through multiple actions on 
locomotor activity, metabolism, appetite, and neu¬ 
roendocrine function [194]. MCH1R antagonists 
has demonstrated efficacy for the treatment of 
obesity and related comorbidities in preclinical 
models, suggesting the potential for improved 
therapy in humans [195], SNAP-7941, a selective, 
high-affinity MCH1 receptor (MCH1-R) antago¬ 
nist, inhibited food intake, reduced consumption 
of palatable food, and, after chronic administra¬ 
tion to rats with diet-induced obesity, resulted in a 
marked, sustained decrease in body weight [196]. 
MCH-1 receptor antagonism with T-226296 
decreases food intake in DIO rats by selectively 
reducing meal size [197]. Chronic administration 
of SCH-A to DIO mice decreased food intake, 
body weight, and adiposity and plasma leptin and 
free fatty acids [198], Recently, S38151 antago¬ 
nizes food intake when injected intra-cerebroven- 
tricularly in the rats [199], Several MCH-1 
receptor antagonists are under development and 
characterization for the treatment of obesity. 

Melanocortin Receptor Selective (MC4R) 
Agonists: Much effort is currently underway to 
develop melanocortin receptor selective com¬ 
pounds for clinical use, with a focus on the devel¬ 
opment of selective MC4R agonists to treat 
obesity. Melanocortins are the peptide derived 
from pro-opiomelanocortin (POMC) in arcuate 
neurons and project to many sites in and beyond 
the hypothalamus, where various types of mel¬ 
anocortin receptor are found [200]. Recent work 
on melanocortin system has provided evidence 
that hypothalamic MC3/4 receptors are involved 
in the regulation of energy homeostasis as 
revealed by genetic and pharmacological evi¬ 
dence. a-MSH is an agonist of MC3/4 receptors 
that acts mainly on the melanocortin-4 receptor 
(MC4-R) to inhibit feeding, and increase energy 
expenditure [201], A synthetic analogue of 
a-MSH, melanoton II (MT II) exhibits agonistic 
properties at both MC3/4 receptors resulting in 
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decreased food intake and body weight in rodents 
[202, 203], The drug was well tolerated in clini¬ 
cal trials but was associated with mild to moder¬ 
ate side effects that include flushing, somnolence, 
nausea, vomiting, headache, taste disturbances, 
and hypertension. Similarly, long-term adminis¬ 
tration of MT II in both normal and obese rats 
was found to be associated with increased blood 
pressure and heart rate [204], For these reasons, 
the FDA has expressed concerns about safety and 
further trials have been halted. Recently, a non¬ 
peptide MC4R agonist, MK-0493, exhibited 
increase energy expenditure and weight loss in 
diet-induced obese rats. When administered to 
human subjects at well-tolerated doses, only a 
marginally significant increase in energy expen¬ 
diture was observed [205], These results suggest 
that agonists for MC3/4 receptor may be an 
important perspective on pharmacology, physiol¬ 
ogy, and obesity drug discovery. 

Neuropeptide Y 

NPY is one of the most potent stimulators of food 
intake and has been shown to act in the perifomi- 
cal hypothalamus [206], NPY or its analogues 
stimulated the food intake in rat and mice leading 
to obesity, when injected into the paraventricular 
neurons or the adjacent perifomical region of the 
lateral hypothalamic area (PF-LHA) [207], This 
property of NPY makes it an obvious choice as an 
antiobesity drug. Most evidence indicates that the 
Y1 and Y5 receptors are critical to the effects of 
NPY on ingestive behavior [208]. A highly selec¬ 
tive Y5 antagonist CGP 71683A, when given 
intraperitoneally, antagonized NPY-induced feed¬ 
ing and inhibited spontaneous food intake in vari¬ 
ous rats models, and this effect was progressively 
attenuated over time [209], Although with pro¬ 
longed NPY Y5 receptor blockade food intake 
returned to normal but body weight remained low. 
These data suggest that NPY Y5 antagonists have 
a role to play in the treatment of obesity. Another 
recently studied Y5 antagonist, MK-0557, failed 
to induce significant amount of weight loss com¬ 
pared to placebo [210], Thus, solely targeting 
NPY 5R in the future is unlikely to produce desired 
therapeutic efficacy. Y1 antagonists also represent 
an obvious target for obesity treatment. 


BW1229U91 is a potent Y1 antagonist that inhibits 
feeding in the rats [211]. With significant support 
from both preclinical pharmacological and 
molecular genetic studies, further human trials are 
warranted. 


Conclusion 

The neurobiology of obesity is extremely com¬ 
plex with many overlapping and redundant path¬ 
ways. This complexity decreases the probability 
that any one treatment approach is superior in the 
management of obesity. However, pharmacologi¬ 
cal interventions in addition to lifestyle change 
(diet and physical activity) and in some cases 
behavioral modifications show promise. A more 
detailed understanding of the physiological con¬ 
trol of energy balance and the pathophysiology of 
obesity will continue to inform the development 
of highly selective, better-targeted compounds. 
Further, gut hormones are likely to be an ongoing 
area of intense research in the field of antiobesity 
drug development. Future advances in this field 
will include the development of long-acting pep¬ 
tide hormone analogues to overcome the problem 
of the very short plasma half-life of endogenous 
peptide hormones, and the introduction of new 
forms of delivery: slow-release injectable depots, 
protease-resistant oral formulations, inhalation 
devices, and transdermal patches. Although 
newer drugs are years away from clinical use, the 
hope for research investments made to date is 
translated into safe and effective antiobesity 
drugs in the future. The search for novel drug 
treatments for obesity is both legitimate and 
necessary. 
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Abstract 

Obesity and obstructive sleep apnea (OSA) are tightly interconnected. 
Both diseases are rapidly increasing in prevalence and adding tremendous 
cost to health-care systems worldwide. A multitude of studies have dem¬ 
onstrated bariatric surgery, especially Roux-en-Y gastric bypass, an invalu¬ 
able solution for many patients. Bariatric surgery not only provides 
profound weight loss but also offers resolution or significant improve¬ 
ments in obesity-related comorbidities including OSA. After surgical 
weight loss occurs, the bariatric patient can expect fewer apnea/hypopnea 
events, improved sleep efficiency, improved or resolved CPAP require¬ 
ments, better sleepiness score, and improved quality of life. Therefore, 
these transformations will translate into more rested, more productive, 
overall safer, and healthier population. 


The prevalence of obesity is increasing 
worldwide and is associated with unfavorable 
and serious health outcomes including type II 
diabetes mellitus, hypertension, hyperlipidemia, 
coronary artery disease, gastroesophageal reflux 
disease, obstructive sleep apnea (OSA), and early 
death. As the global obesity epidemic unfolds, 
so too does an epidemic of complicated and 
costly chronic medical conditions. In this review, 
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bariatric surgery is evaluated as a valuable tool in 
the treatment of obesity. 


Surgical Procedures for Obesity 
and Obesity-Related Disorders 

Until the 1950s, obesity was not a surgical 
problem as morbid obesity affected less than <1% 
of the US adults. Unfortunately, in 2008, morbid 
obesity rates had ballooned to 6% of US adults 
affecting approximately 18 million people [1]. 
With an evolving epidemic of obesity and 
obesity-related comorbidities, a demand for 
viable and safe surgical options developed as a 
result of this mounting problem. Therefore, new 
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Fig.15.1 The genealogy of bariatric surgery including current standard procedures as well as early weight loss 
procedures 


surgical procedures were revolutionized to meet 
this demand and eventually the multibillion-dollar 
surgical subspecialty of metabolic and bariatric 
surgery was spawned. Here, a brief review of mal- 
absorptive, restrictive, and combination bariatric 
surgical procedures will be discussed (Fig. 15.1). 

In the 1950s, the first surgical weight loss pro¬ 
cedures were performed at the University of 
Minnesota [2], The jejunoileal bypass was the 
first procedure developed specifically for weight 
loss. Mimicking intestinal “short gut” syndrome, 
the intestinal bypass operation was solely a mal- 
absorptive procedure; connecting the proximal 
jejunum to the distal ileum or colon (Fig. 15.2). 
The rerouted nutrients through the gastrointesti¬ 
nal tract underwent severely altered overall intes¬ 
tinal absorption causing massive weight loss. This 
procedure offered substantial weight loss, but at 
the cost of high mortalities and unacceptable late 


complications. The jejunoileal bypass was com¬ 
pleted through large open incisions with long 
recovery times. The bypass also left a long blind 
limb of small bowel which was prone to stasis. In 
addition to weight loss, many patients developed 
uncontrollable diarrhea, severe electrolyte imbal¬ 
ances, and severe vitamin deficiencies, such as 
Vitamin A, leading to night blindness. Also, liver 
failure developed in many of these patients as a 
result of bacterial overgrowth in the blind jejunal 
limb [3], These procedures have since been aban¬ 
doned and are no longer recognized as a recom¬ 
mended bariatric procedure. Many of these 
patients were eventually reversed or converted to 
other operations. However, the concepts of intes¬ 
tinal malabsorption for weight loss paved the way 
for the future viable weight loss surgery. 

The gastric bypass was the next surgical 
weight loss procedure developed in the 1960s by 
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Fig. 15.2 The jejunoileal bypass was the first bariatric 
surgery and was primarily a malabsorptive procedure. 
Due to the unacceptably high complication rates and 

Mason and Ito [4], Gastric bypass provided two 
mechanisms for weight loss; gastric restriction 
via creation of small stomach pouch and intesti¬ 
nal malabsorption via a proximal jejunal bypass 
approximately 75-150 cm in length (Fig. 15.3). 
Initially, this procedure also carried relatively 
high surgical mortality rate as well as list a short- 
and long-term morbidities. However, gastric 
bypass offered substantial weight loss and vast 
improvements in comorbidities for morbidly 
obese patients. The initial bypass reconstruction 
performed was a looped gastrojejunal anastomo¬ 
sis [4], which carried an extra dilemma of bile 
reflux. This procedure eventually evolved into 
the Roux-en-Y gastric bypass, the preferred 
reconstruction today. Due to proximal bypass, 
intestinal malabsorption was less severe in gastric 


excessive mortality which plagued the jejunoileal bypass, 
it is now an abandoned procedure 


bypass than the jejunoilieal bypass. However, 
these patients were prone to nutritional 
deficiencies including folate, B p , vitamin D, and 
iron. 

Unsatisfied by associated late malabsorptive 
complications of the jejunoileal and gastric 
bypass, the gastroplasty was developed in the 
1970s by Mason and others [5]. This technique 
focused solely on gastric restriction with normal 
absorption. One particular attraction to gastro¬ 
plasty was the relatively low postoperative mor¬ 
bidity and mortality. The failures of horizontal 
gastroplasty eventually gave rise to vertical 
banded gastroplasty, which saw its peak in the 
1980s (Fig. 15.4). Early weight loss results were 
promising. However, late weight regain was com¬ 
mon particularly in “sweet eaters.” Staple line 
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Roux-en-Y 
gastric bypass 


Fig. 15.3 The gastric bypass combined caloric restriction 
and malabsorption in the same procedure to improve 
weight loss. This procedure has been refined over many 


dehiscence occurred frequently, which compro¬ 
mised gastric restriction, and thus weight loss. 
Finally, band erosions and band migrations also 
occurred destroying the integrity pouch requiring 
reoperative surgery. Many of these procedures 
were eventually converted to Roux-en-Y gastric 
bypass or other procedures. Therefore, this pro¬ 
cedure was largely abandoned as a result of poor 
long-term results. 


Current Bariatric Procedures 

Biliopancreatic diversion with duodenal switch 
was first described in 1988 by Hess and Hess [6], 
which was a combination of work described by 


years and currently provides an excellent option in bariat¬ 
ric surgery. It is the most widely performed bariatric 
procedure 


Scopinaro [7] and DeMeester [8]. Like the gas¬ 
tric bypass, this procedure again combines gas¬ 
tric restriction and intestinal malabsorption to 
synergistically improve weight loss. In brief, the 
stomach is made into a gastric sleeve, while the 
duodenum is divided and then connected proxi- 
mally to the ileum. An ileoileal anastomosis is 
created reestablishing intestinal continuity 
(Fig. 15.5). Patients lose between 70% to 90% of 
excess body weight in some studies and comor¬ 
bidities often are resolved [9]. This procedure is 
technically more complex with longer operating 
times, but it can be done laparoscopically as well 
as robotically [10, 11], Although weight loss and 
comorbidities results are strong, the complica¬ 
tions can be devastating. Staple line hemorrhage, 
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Vertical banded 
gastroplasty 


Fig. 15.4 The vertical banded gastroplasty was purely a 
restrictive procedure. The benefits were the early safety 
profile with low complication rates. However, the long¬ 


term weight regain and “pouch” failures were often seen. 
This procedure has been largely abandoned; however, it 
paved the way for other purely restrictive procedures 


anastomotic leak particularly at the duodenojeju¬ 
nal connection, and an often fatal duodenal stump 
leak are among a few of the serious complica¬ 
tions of the procedure [9]. Nonetheless, this pro¬ 
cedure is currently performed at a few select 
centers in the US (Table 15.1). 

Laparoscopic gastric banding is a second-gen¬ 
eration restrictive procedure in which a band is 
wrapped around the incisura of the stomach 
(Fig. 15.6). The strengths of this operation are 
that it is quick, easy, and a generally safe proce¬ 
dure with few serious short-term complications. 
Also, the current bands are adjustable by increas¬ 
ing or decreasing the amount of gastric restriction 
experienced by the patient. Finally, patients are 
less prone to long-term nutritional deficiencies 
compared to the malabsorptive procedures. 
However, this procedure does require close fol¬ 
low-up for repeated band fills to optimize subse¬ 
quent weight loss. Also, the weight loss and 
comorbidity improvement appears to be less 
drastic than gastric bypass [12], Bands may be 


prone to high rates of late conversions to other 
procedures due to either poor weight loss or 
band-related long-term complications. For 
instance, band slips and band erosions can occur 
as a late complication requiring a reoperation and 
can be life threatening [13] (Table 15.1). The lap¬ 
aroscopic gastric band has increased though the 
2000s, but its popularity may have already 
peaked. 

Laparoscopic sleeve gastrectomy is a rela¬ 
tively new weight loss procedure described in 
late 1990s. This procedure converts the stomach 
from a reservoir to a sleeve-like tube (Fig. 15.7). 
The sleeve gastrectomy is again a pure restrictive 
procedure, which appears to have an acceptable 
safety profile. Weight loss and comorbidity reso¬ 
lution appear better than gastric banding, though 
not quite as strong as gastric bypass [12], A par¬ 
ticular strength of this operation is that there are 
no anastomoses obviating the concern for stomal 
ulceration or internal hernia. Also, this procedure 
may work well for patients who have had prior 
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Biliopancreatic diversion 
with duodenal switch 


Fig. 15.5 The biliopancreatic diversion with duodenal 
switch combines caloric restriction and malabsorption to 
synergistically improve weight loss results. Although this 
procedure can be done laparoscopically, it is technically 


small bowel procedures or extensive pelvic sur¬ 
geries. Finally, another attractive component of 
this operation is its ability to be converted to gas¬ 
tric bypass for further weight loss. However, due 
to the long vertical sleeve, complications do 
occur. For instance, the staple line can leak caus¬ 
ing sepsis or intraabdominal abscess and the sta¬ 
ple line can bleed postoperatively (Table 15.1). 
Recently, the laparoscopic sleeve gastrectomy 
has increasingly gained popularity as a viable 
surgical weight loss option in the last decade. 

Currently, the Roux-en-Y gastric bypass is the 
most common bariatric procedure performed in 
the US. This procedure balances an improving 
patient safety record with excellent sustained 


challenging and operating times are long. As a result, it 
has yet to be accepted as a mainstream bariatric 
procedure 


weight loss and comorbidity results. In the 
mid-1990s, laparoscopic Roux-en-Y gastric 
bypass was described, which is now the preferred 
technique. Currently, greater than 90% Roux-en-Y 
gastric bypasses are performed laparoscopically 
with relative ease, which improves postoperative 
pain and recovery while decreasing wound infec¬ 
tions [14-16]. Although Roux-en-Y gastric 
bypass is now safer than ever, it is still plagued by 
several feared early complications. Anastomotic 
leak occurs in 1-3% of cases, and can lead to 
severe sepsis quite promptly. Also, patients are a 
setup for pulmonary embolism, which can lead to 
profound respiratory insufficiency in patients 
with already reduced cardiopulmonary reserve. 
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Fig. 15.6 The gastric 
band is a second-generation 
purely restrictive 
procedure and demon¬ 
strates an excellent early 
safety profile; however, 
long-term safety results are 
less robust compared to the 
combined restrictive and 
malabsorptive procedures 



Fig. 15.7 The gastric 
sleeve is a relatively new 
gastric restriction 
procedure, which is 
quickly gaining popularity 
as a bariatric surgery. 
Recent weight loss data 
following gastric sleeve are 
promising and may be a 
great option for patients 
with previous small bowel 
surgery 
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Late complications also occur. The gastrojejunal 
anastomosis is especially prone to long-term 
complications such as stomal stenosis and stomal 
ulcers. Finally, internal hernia can occur at any 
time period postoperatively, potentially leading 
to disastrous outcomes such as massive small 
bowel necrosis (Table 15.1). 

Bariatric and metabolic surgery has boomed 
particularly in the last 20 years. The number of 
registered ASMBS bariatric surgeons has increase 
by ninefold in 10 years [17]. In 2009, 220,000 
bariatric procedures were performed. However, 
this was approximately only 1% of the popula¬ 
tion, which may benefit from these procedures 

[18] . Currently, the American Society for 
Metabolic and Bariatric Surgery (ASMBS) indi¬ 
cations for bariatric surgery includes [18]: 

BMI>40 kg/m 2 

BMI>35 kg/m 2 with an obesity-related chronic 

disease 

Surgical weight loss (i.e., the weight loss as a 
direct result of altered anatomy and physiology) 
mostly occurs in the first year postoperatively. 
Unfortunately, weight gain can occur after these 
procedures. This dilemma has led to the multidis¬ 
ciplinary team approach seen in many bariatric 
clinics often consisting of clinicians, dietitians, 
nursing staff, and psychologists. Potential 
bariatric patients should undergo extensive pre¬ 
operative counseling and education. Also, there 
needs to be a particular emphasis on thorough 
long-term follow-up to insure safety and success 

[19] . It is often stressed to bariatric patients that 
surgical procedures offer merely a tool for weight 
loss, and that most optimal results occur with 
strict adherence to the dietary and lifestyle rec¬ 
ommendations (i.e., consuming small but fre¬ 
quent meals, consuming foods high in protein 
and low in sugars and fats, and regular exercise 
and activity). Finally, bariatric surgery may 
influence family members. Recent evidence 
suggests a patient’s lifestyle changes after gastric 
bypass may alter lifestyle choices in the family. 
For instance, family members of gastric bypass 
patients were more likely to increase activity, 
improve eating habits, and lose some weight after 
their family member’s surgical intervention [20], 


In summary, bariatric and metabolic surgery 
has evolved since the 1950s to meet the demands 
of a global obesity epidemic. Malabsorptive 
procedures were developed first, followed by 
combination malabsorptive and restrictive proce¬ 
dures, and then finally the purely restrictive pro¬ 
cedures. The combination procedures likely offer 
the most significant weight loss and resolution of 
comorbidities, with the slightly increased risk of 
serious morbidity and mortality. In contrast, pure 
restrictive procedures are relatively safer early 
on, but have less drastic long-term weight loss 
results. Today, most bariatric procedures includ¬ 
ing the gastric band, sleeve gastrectomy, Roux- 
en-Y gastric bypass, and biliopancreatic diversion 
with duodenal switch can be performed with lap¬ 
aroscopy improving postoperative recovery. 
Overall, these procedures have been refined and 
improved offering viable options for treating 
morbid obesity when medical weight loss has 
failed. 


Obesity as a Risk Factor 
for Obstructive Sleep Apnea 

OSA is an important obesity-related comorbid¬ 
ity which has a multitude of negative health 
sequelae. OSA is characterized by intermittent 
upper-airway collapse which leads to impaired 
ventilation and disrupted sleep (see also Chaps. 9, 
11 and 13). In US adults, OSA affects 4-7% of 
males and 1-2% of females of general population 

[20], Therefore, in 2010 some 6-11 million US 
adults suffer from OSA [21], Independent risks 
factors associated with OSA are age (Odds Ratio 
(OR)—1.52 per increased decade), sex (OR— 
1.51 for males), obesity (OR—1.55 per 5.3 kg/ 
m 2 ), and neck size (OR— 1.44 per 1.7-inch incre¬ 
ment) in addition to breathing pauses, snoring 
frequency, and snoring loudness [22], 

OSA leads to a constellation of poor health 
outcomes. In addition to excessive daytime 
sleepiness and diminished quality of life, it is 
also associated with coronary artery disease, car¬ 
diac arrhythmia, congestive heart failure, hyper¬ 
tension, stroke, pulmonary hypertension, insulin 
resistance, diabetes mellitus, and nonalcoholic 
fatty liver disease [20, 22-27], As a result of 
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these complicated health outcomes, OSA 
increases health-care expenditures compared to 
age- and gender-matched controls by approxi¬ 
mately $1,400 per patient (p<0.01) [28], Also, it 
is estimated undiagnosed untreated sleep apnea 
may add 3.4 billion dollars per year in additional 
health-care costs in the US [28], 

The societal impacts of OSA are costly as well 
as hazardous. OSA affects workers productivity 
by adding to missed work days and lost work. In 
a recent study, workers with OSA and excessive 
daytime sleepiness were 13 times more likely to 
report recent work disability than those without 
OSA and excessive daytime sleepiness [29], 
Also, excessive daytime sleepiness from OSA is 
dangerous for the US highways and roads. OSA- 
related crashes is believed to be responsible 
for approximately 800,000 crashes/year, 1,400 
deaths/year, and cost an estimated 15.9 billion 
dollars in the USA/year [30], Effective treatment 
may save lives and reduce costs [30]. 

OSA is exceptionally common in morbidly 
obese bariatric populations. Approximately 
70-77% of bariatric patients screened with poly¬ 
somnography meet American Academy of Sleep 
Medicine criteria for OSA by apnea/hypopnea 
index >5 events/h [31-34]. However, unfortunately 
many of morbidly obese patients have undiag¬ 
nosed OSA prior to surgical consultation [32], 


Bariatric Surgery and OSA 

In large longitudinal studies of the general non- 
bariatric population, small increments of weight 
gain and loss are associated with changes in 
apnea/hypopnea index, an objective OSA mea¬ 
sure of the number of breathing pauses per hour. 
There is a proportional relationship between 
weight loss and a decrease in apnea/hypopnea 
index. Also, this relationship appears to be 
more pronounced in males than their female 
counterparts [35]. Therefore, small decreases in 
weight appeared to be an important modifiable 
risk factor for apnea/hypopnea events [35, 36], 
Drastic weight loss after bariatric surgery 
improves comorbidities including diabetes 
mellitus, hypertension, hyperlipidemia, and 


gastroesophageal reflux disease [37, 38]. Weight 
loss and bariatric surgery also appears to be 
beneficial for OSA. In a meta-analysis of 
all bariatric procedures including, Roux-en-Y 
gastric bypass, gastric banding, vertical banded 
gastroplasty, biliopancreatic diversion or duode¬ 
nal switch, OSA was resolved in 85.7% (95% Cl, 
79.2-92.2%). Also, each individual procedure 
was individually associated with resolution of 
OSA. In addition, the authors demonstrated from 
four of the analyzed studies, which included pri¬ 
marily gastric bypass data, apnea/hypopnea index 
decreased from a baseline by 33.85/h (95% Cl, 
17.47-50.23/h) [39], In multiple other studies 
including Roux-en-Y gastric bypass and vertical 
banded gastroplasty, weight loss was confirmed 
to be substantial following these procedures. 
Additionally, there appeared to be corresponding 
improvements in apnea/hypopnea index by at 
least 50% from preoperative levels [40-48]. 
However, as weight gain often occurs after verti¬ 
cal banded gastroplasty and the majority of 
patients (54—64%) require eventual revisional 
bariatric surgery, the gastroplasty is no longer a 
widely performed bariatric procedure. Therefore, 
grouping the gastroplasty and gastric bypass 
results together may skew these results negatively 
[49, 50], 

Specifically, the Roux-en-Y gastric bypass is 
an effective operation with an improved safety 
profile. Many studies again demonstrate not only 
dramatic sustained reductions in excess weight, 
but also improvement and resolution of comor¬ 
bidities including diabetes mellitus, hyperten¬ 
sion, hyperlipidemia, and gastroesophageal reflux 
disease. Additionally, Roux-en-Y gastric bypass 
is also quite therapeutic for OSA. For example, 
Dhahuwala et al. found weight loss after 
Roux-en-Y gastric bypass improved multiple 
comorbidities including OSA. They reported on a 
series of 157 bariatric patients of which 12 (7.6%) 
were diagnosed with OSA preoperatively. 
Postoperatively, 11/12 reported resolution and 
1/12 patients with improvement in OSA. 
However, this small study grossly underestimated 
the true incidence of OSA in the bariatric 
population. Additionally, the authors failed to 
report precise objective measures of OSA [51]. 
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Guardiano et al. presented another small series of 
8 bariatric patients which underwent both pre- 
and postoperative polysomnography at an aver¬ 
age of greater than 2 years from Roux-en-Y 
gastric bypass surgery. They reported a reduc¬ 
tion in apnea/hypopnea index after surgery 
(55±31 vs. 14± 17 events/h, /?<0.01). In this 
series, 4/8 of patients returned to a normal apnea/ 
hypopnea index, less than 5 events/h. Also, 5/8 of 
patients required no CPAP postoperatively. Also, 
their results were blunted by one outlier patient 
with baseline BMI of 73 kg/m 2 , only marginal 
weight loss postoperatively, and apnea/hypopnea 
index remained unchanged [52], Kalra et al. 
demonstrated Roux-en-Y gastric bypass 
improved OS A in morbidly obese adolescents. 
In their series of 10 bariatric adolescents with 
average age of approximately 17, patients BMI 
decreased following surgery (60.8± ll.lkg/m 2 
vs. 41.6±9.5kg/m 2 , /? <0.01). Furthermore, the 
authors found a dramatic decrease in apnea/hypo¬ 
pnea index(9.1 vs. 0.65 events/h, p<0.01) and 
improvement in lowest asleep 0 2 saturation 
(82.9±5.7% vs. 91.7±3.6%,p<0.01) [53], This 
study suggests perhaps younger patients after 
Roux-en-Y gastric bypass may have superb 
results in terms of OS A parameters. 

Further studies confirm improvement in OSA 
measures after Roux-en-Y gastric bypass. For 
instance, Rasheid et al. reported follow-up data 
from pre- and postoperative polysomnography 
after Roux-en-Y gastric bypass. In a series of 100 
bariatric patients with snoring history, they dem¬ 
onstrated an incidence of OSA was 87%. The 11 
patients with repeat polysomnography demon¬ 
strated improved objective OSA parameters. 
For example, Epworth Sleep Scale, a measure 
of daytime sleepiness, (14±2 vs. 3± 1, /?<0.001), 
apnea/hypopnea index (56±13 vs. 23 ±7, 
p< 0.041), and REM Latency (261 ±34 
vs,118±12, p< 0.001) were all decreased 
significantly postoperatively. Also, the authors 
noted the lowest asleep 0 2 saturation improved 
(77 ±5 vs. 86 ±2,/; <0.001) as did sleep efficiency 
(65 ±5 vs. S5±2,p< 0.001) [54], From the same 
group, Haines et al. reported further follow-up 
data of 101 patients who underwent both pre- and 
postoperative polysomnography. The authors 


again found quite similar improvements in OSA 
with an average follow-up of 11 months. In addi¬ 
tion, they found of the 96/101(95%) of Roux- 
en-Y gastric bypass patients who required 
preoperative CPAP/BiPAP, only 31/101(30%) 
patients required it postoperatively [55]. 

Roux-en-Y gastric bypass improves symp¬ 
toms of OSA and pulmonary function tests. 
Varela et al. demonstrated Roux-en-Y gastric 
bypass improved sleepiness symptoms and non- 
invasive ventilation requirements in their series 
of 56 morbidly obese patients with OSA. At 12 
months postoperatively, they report Epworth 
Sleep Scale recovered from an elevated baseline 
score to within a normal range (13.7±5.5 to 
3.4± 1.1, /j< 0.05). Additionally, the percent of 
patients requiring CPAP decreased from 52% to 
0% at 9 months postoperatively [56], Also, Marti- 
Varli et al. evaluated 30 patients which required 
noninvasive ventilation preoperatively. These 
patients underwent a series of tests, which 
included room air blood gases, pulmonary func¬ 
tion tests, and polysomnography preoperatively. 
The patients underwent the same battery of test¬ 
ing again at 12 months after surgery. The authors 
noted improvements in A-a 0, gradients 
(18.42±8.47 mmHg vs. 10.7±6.7 mmHg), 
improvements in pulmonary function including 
FEVj and FVC back to near 100% of predicted, 
and again a decrease in apnea/hypopnea index 
(63±38 vs. 17± 16 events/h, p< 0.004) [57], 

The current bariatric restrictive procedures 
likely benefit OSA postoperatively. For instance, 
gastric banding as a weight loss procedure has 
gained much popularity during the last decade 
and has been evaluated in the OSA parameters of 
morbidly obese patients. Several studies have 
reported significant improvements in the apnea/ 
hypopnea index following gastric banding [58- 
60]. For example, Lettierri et al. found apnea/ 
hypopnea index decreased postoperatively after 
gastric banding (47.9±33.8 vs. 24.5±18.1 
events/h, p <0.001). Moreover, the authors 
demonstrated an improved EDS (100% vs. 
47.1%, p<0.001), an improved Epworth Sleep 
Scale score (15.0±4.9 vs. 10.6±4.0, p<0.001), 
and an improved lowest asleep 0 2 saturation 
postoperatively (76.5 ±12.1 vs. 84.5 ±5.8, 



238 


M.J. Pernaetal. 


p <0.004). However, according to the authors, 
only 4% of patients demonstrated complete 
resolution of OS A after gastric banding [59], 
This result may be consistent with other studies 
demonstrating gastric banding to be less effective 
than Roux-en-Y gastric bypass in weight loss and 
resolution of comorbidities [61-64], The laparo¬ 
scopic sleeve gastrectomy has shown promise in 
OS A treatment. According to Hutter et al., the 
laparoscopic sleeve gastrectomy appeared to be 
as effective as the laparoscopic Roux-en-Y gastric 
bypass and more effective than the laparoscopic 
gastric band at resolving OSA. However, these 
results were limited by small numbers of sleeve 
gastrectomy patients with OSA at one year. 
Further studies will be needed to confirm the 
efficacy of laparoscopic sleeve gastrectomy in 
treating OSA [12]. 

Recent studies have questioned true efficacy 
of bariatric surgery for “resolving” OSA. For 
instance, in a recent meta-analysis, Greenburg 
et al. reviewed multiple studies which again dem¬ 
onstrated vast improvements in apnea/hypopnea 
index (54.7 ±5.6 vs. 15.8±3.2events/h,p<0.001) 
after bariatric surgery. According to their analy¬ 
sis, only 25% of patients were cured of OSA by 
apnea/hypopnea index criteria (apnea/hypopnea 
index <5), and only 44% of patients obtained 
apnea/hypopnea index <10. The authors also 
found age and a follow-up weight of less than 
100 kg to be independent predictors of OSA reso¬ 
lution. However, in critique, this meta-analysis 
demonstrated a high heterogeneity. Additionally, 
this study included procedures such as vertical 
banded gastroplasty, now obsolete, and gastric 
banding, both perhaps negatively affecting results. 
Finally, as few as 43% of this study population 
included underwent Roux-en-Y gastric bypass, 
generally the procedure of choice with the most 
robust results [65], 

Many studies have demonstrated short-term 
follow-up in general only out to 2 years postop- 
eratively. Few studies have reported on follow-up 
as far out as 10 years after surgery. In a recent 
series, Higa et al. reported on 51 patients under¬ 
went Roux-en-Y gastric bypass. At 10 years, 
79% of patients demonstrated improvement or 
resolution in OSA. Unfortunately, the authors did 


not report more objective sleep apnea measures 
in their study [66]. Additionally, they found sus¬ 
tained results for diabetes mellitus, hypertension, 
hyperlipidemia, and gastroesophageal reflux dis¬ 
ease. This study hinted at the longevity of the 
Roux-en-Y gastric bypass procedure at resolving 
or improving comorbidities long-term. 

Unfortunately, many people with indications 
for bariatric surgery will not undergo a therapeu¬ 
tic operation. Harakeh et al. followed patients 
who were denied Roux-en-Y gastric bypass for 
insurance-related issues. The denied patients 
were more likely to report new onset of OSA as 
well as diabetes mellitus, hypertension, and 
hyperlipidemia (p< 0.001). Furthermore, the 
denied patients did not lose any weight [67]. 
Also, Adams et al. studied Roux-en-Y gastric 
bypass patients compared two well-matched 
cohorts; one group interested in bariatric surgery 
but denied by insurance and the other group not 
interested Roux-en-Y gastric bypass surgery. 
The Roux-en-Y gastric bypass group experi¬ 
enced strong improvements in apnea/hypopnea 
index from baseline compared to the control 
groups (46% vs. 3.6% and 5.4% respectively, 
p< 0.0001). The authors also revealed improved 
mean nighttime Sp0 2 and less percentage night¬ 
time SpO, < 90% in the Roux-en-Y gastric bypass 
group compared to the nonoperative groups [68]. 
Therefore, morbidly obese patients turned away 
from surgical options pose potentially costly 
dilemma for already strained health- care 
systems as they accumulate chronic medical 
conditions. 


Conclusion 

In summary, morbid obesity and OSA are tightly 
interconnected. Both diseases are rapidly increas¬ 
ing in prevalence and adding tremendous cost to 
health-care systems worldwide. A multitude of 
studies have demonstrated bariatric surgery, espe¬ 
cially Roux-en-Y gastric bypass, an invaluable 
solution for many patients. Bariatric surgery not 
only provides profound weight loss but also 
offers resolution or significant improvements in 
obesity-related comorbidities including OSA. 




15 Bariatric Surgery for Treatment of Obesity 


239 


After surgical weight loss occurs, the bariatric 
patient can expect fewer apnea/hypopnea events, 
improved sleep efficiency, improved or resolved 
CPAP requirements, better sleepiness score, and 
improved quality of life. Therefore, these 
transformations will translate into more rested, 
more productive, more safe, and overall healthier 
population. 
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sleep parameters vs. obesity risk, 92 
sleep timing role, 95-96 
underlying causes, 94 

Short sleep duration (SSD), 170-171. See also Sleep 
restriction 

Sibutramine, 207-208 

SIRT-1, 37 

Sleep 

circadian rhythms 

functional implications, 8-9 
homeostasis, 2-3 

opponent processes regulation, 3-4 
research,2 

clock genes and homeostasis 

Cry 1 and Cry2 circadian genes, 5 
EEG delta power, 5 
molecular feedback loop, 6 
NREM, 5 

Perl and Per2 gene expression, 7-8 
sleep regulation, 5 

variable number tandem repeat (VNTR) 
polymorphism, 8 
EEG delta power, 3 
feeding, reward mechanism, 52-53 
forced desynchrony protocol, 3 
and HPA axis, 22-23 
neural circuitry 

melanin concentrating hormone (MCH), 35 
ventral lateral preoptic area (VLPO), 34-35 
orexin neurons, 23 
sleep-wake regulation, 3 
two-process model, 3 

Sleep apnea and obesity. See Obstructive sleep apnea 
(OSA) 

Sleep disturbances 
diabetes 

prevalence, 170 
types, 170 

sleep quality, laboratory studies, 175-176 
type 2 diabetes 

and insomnia, 173-174 
and OSA, 172-173 

and restless legs syndrome (RLS), 174—175 
and short sleep duration (SSD), 170-171 

Sleep restriction 
diabetes risk 

laboratory studies, 160 
partial sleep deprivation, 160-161 
total sleep deprivation, 160 
dietary habits roles, 145 


energy expenditure, 159-160 
genetic factors impact, 144 
obesity 

and diabetes, prevalence, 133-134 
ghrelin impact, 151, 156-159 
laboratory studies, 151-155 
leptin impact, 151, 156-159 
PSD studies, 156-159 
TSD studies, 151 

putative mechanisms and implication, 161-163 
sex differences, 143-144 
sleep duration 

diabetes, 145-148 
and obesity, 135-136 
objective measurements, 136-142 
Sleeve gastrectomy, 231, 234 
Suprachiasmatic nucleus (SCN). See also Circadian 
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description, 1 
master circadian clock, 65 
master clock location, 2 
master pacemaker, 13-14 
Synaptic plasticity, 66-67 


Taranabant, 214 
Tesofensine, 212 
Topiramate, 209 

Total sleep deprivation (TSD), 160 
Transcriptional feedback loops 
circadian rhythms 
bHLH, 4 
BMAL1, 4 
CLOCK, 4 

molecular mechanism, 4 
PAS, 4 

Tuberomammillary nucleus, 38 
Type 2 diabetes mellitus (T2DM). See also Pediatric 
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prevalence, sleep restriction and obesity, 133-134 
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and insomnia, 173-174 
and OSA, 172-173 

and restless legs syndrome (RLS), 174—175 
and short sleep duration (SSD), 170-171 
sleep duration, 145-148 
sleep restriction 
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Variable number tandem repeat (VNTR) polymorphism, 8 
Ventral lateral preoptic area (VLPO), 34-35 
Ventral tegmental area (VTA), 50-51 
Ventromedial hypothalamus (VMH). See also Feeding, 
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feeding and energy balance, 79 
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Wakefulness 

description, 35-36 
hypocretin, 36 
Weight loss, 235 

bariatric surgery, 235 

(33-adrenoreceptors, 211-212 
amphetamine, 205 
bupropion, 208 

bupropion-naltrexone (contrave), 212 
bupropion-zonisamide (empatic), 212-213 
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fenfluramine and dexfenfluramine, 205 
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orlistat, 206-207 
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